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ABSTRACT
A c r i t i c a l  r e v i e w  o f  t h e  l i t e r a t u r e  p e r t a i n i n g  t o  
a c i d  c o p p e r  s u l p h a t e  e l e c t r o d e p o s i t i o n  p r e c e d e d  t h e  f o l l o w i n g  
two p a t h s  o f  r e s e a r c h : -
1 ,  A s t u d y  o f  e l e c t r o d e  k i n e t i c  f a c t o r s  u s i n g  p l a t i n g  s o l u t i o n s  
w i t h o u t  a d d i t i o n  a g e n t s ,  A new e x p e r i m e n t a l  p o l a r i s a t i o n  t e c h ­
n i q u e  ( c a l l e d  t h e  R e p r o d u c i b l e  S u b s t r a t e  m e th o d )  was d e v e l o p e d  
w h ic h  e n s u r e d ,  i n  p a r t i c u l a r ,  t h a t  t h e  c a t h o d e  h a d  no s i g n i f i c a n t  
t i m e - d e p e n d e n t  p r o p e r t i e s .  T h i s  e n a b l e d  r e p r o d u c i b l e  a n d  l i n e a r  
T a f e l  p l o t s  t o  be  o b t a i n e d  e v e n  f o r  t h o s e  s o l u t i o n s  t h a t ,  w i t h  
c l a s s i c a l  p o l a r i s a t i o n  m e t h o d s ,  d i d  n o t  p r e v i o u s l y  c o n f o r m  t o  
T a f e l  b e h a v i o u r .
S p e c i a l  s o l u t i o n  p r e p a r a t i o n  m e th o d s  e n a b l e d  t h e
p r o p e r t i e s  o f  s u p e r - p u r e  s o l u t i o n s  ( v i r t u a l l y  f r e e  o f  c h l o r i d e
i o n s )  t o  be  s t u d i e d .  The m arked  e f f e c t  o f  t r a c e  a m o u n t s  o f
c h l o r i d e  i o n s  was show n.  The s u p e r - p u r e  s o l u t i o n s  p o s s e s s e d
l i n e a r  T a f e l  b e h a v i o u r ,  b u t  e a c h  p l o t  o f  t\ v e r s u s  l o g  ia
showed a  c h a n g e  i n  s l o p e  a t  t] = 0 .1 V  -  t h e s e  r e s u l t s  w ere  t h ea
f i r s t  t o  d i r e c t l y  c o n f i r m  a  p r e v i o u s  p r e d i c t i o n  made t h a t  a  c h a n g e  
i n  t h e  c a t h o d i c  r a t e - s t e p  s h o u l d  o c c u r  a t  t h i s  o v e r p o t e n t i a l ,
2 .  A s t u d y  o f  a d d i t i o n  a g e n t  a c t i o n .  I n i t i a l  t r i a l s  o f  many 
a c t i v e  a d d i t i o n  a g e n t s  w ere  e f f e c t e d  i n  o r d e r  t o  s e l e c t  o n l y  
t h o s e  t h a t  w ere  s u f f i c i e n t l y  s t a b l e  a n d  m a rk e d  i n  e f f e c t  t o  
w a r r a n t  f u r t h e r  s t u d y .  I n  p a r t i c u l a r ,  b e n z o t r i a z o l e  was  s t u d i e d  
i n  d e t a i l  s i n c e  i t  m a r k e d l y  r a i s e d  rj a n d  a f f e c t e d  e l e c t r o d e p o s i tcl
s t u c t u r e s ( i n  some c a s e s  f u l l y  b r i g h t  c o h e r e n t  d e p o s i t s  w ere  
o b t a i n e d ) ,  A m e chan ism  o f  i t s  a c t i o n  was p r o p o s e d  b a s e d  on t h e  
f o r m a t i o n  o f  i n s o l u b l e  c u p r o u s  b e n z o t r i a z o l a t e  a r i s i n g  f r o m  t h e  
f o r m a t i o n  o f  c u p r o u s  i o n s  i n  t h e  n o r m a l  d i s c h a r g e  p r o c e s s *  A 
p h y s i c a l  m ode l  was p r o p o s e d  t o  e x p l a i n  t h e  phenomenon o f  b a n d i n g .
A n a l y s i s  showed  t h a t  t h e  c u p r o u s  b e n z o t r i a z o l a t e  i n ­
c l u s i o n s  c o u l d  be  q u a n t i t a t i v e l y  r e t r i e v e d  by d i s s o l v i n g  up  t h e  
e l e c t r o d e p o s i t s  i n  a c i d i f i e d  s i l v e r  s u l p h a t e .  The a n a l y s i s  o f  
t r a c e  a m o u n ts  o f  t h e s e  i n c l u s i o n s  was c a r r i e d  o u t  b y " P o l a r i s a t i o n  
A n a l y s i s ” ,
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c a p a b l e  o f  f o r m i n g  s o l i d  c u p r o u s  c o m p l e x e s .
2 3 1 .  P o l e  o f  i n c l u s i o n s  i n  t h e  e l e c t r o c r y s t a l l i s a t i o n  o f
c o p p e r .
238. L i t e r a t u r e  R e f e r e n c e s .
2 3 2 .  G e n e r a l  D i s c u s s i o n .
P u b l i s h e d  L i t e r a t u r e .
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GLOSSARY OF SYMBOLS AND TERMS
On a c c o u n t  o f  t h e i r  f r e q u e n t  u s e  t h r o u g h o u t  t h e  
t e x t ,  t h e  f o l l o w i n g  Symbols  a n d  Terms w a r r a n t  s p e c i a l  n o t e
v
*c T
■n,
i ,
o 1
^ s ’
a ,
E ,e q f
S . S . D . , 
R.S« y
P r e f o r m ,
A c t i v a t i o n  o v e r p o t e n t i a l  o f  t h e  c a t h o d e  o r ,  i f  
s t a t e d  o t h e r w i s e ,  o f  t h e  a n o d e .
C o n c e n t r a t i o n  p o l a r i s a t i o n , w h i c h  was a s s u m e d  t o  b e  
e l i m i n a t e d  by s u f f i c i e n t  a g i t a t i o n .
T o t a l  p o l a r i s a t i o n ,  e q u a l  i n  m o s t  c a s e s  t o  tla +rlc ®
C u r r e n t  d e n s i t y , b a s e d  on a  r o u g h n e s s  f a c t o r  o f  u n i t y .  
L i m i t i n g  c u r r e n t  d e n s i t y ,
E xchange  c u r r e n t  d e n s i t y .
C u r r e n t  d e n s i t y  f o r  s t a r t  o f  l i n e a r i t y  o f  a  T a f e l  l i n e  
C u r r e n t  d e n s i t y  f o r  end  o f  l i n e a r i t y  o f  a  T a f e l  l i n e .  
T r a n s f e r  C o e f f i c i e n t .
S t e a d y  s t a t e  p o t e n t i a l  o f  a n  e l e c t r o d e .
The s t e a d y  s t a t e  d i r e c t  m e th o d ,  o r  c l a s s i c a l  m e t h o d ,  
o f  m e a s u r i n g  p o l a r i s a t i o n .
The R e p r o d u c i b l e  S u b s t r a t e  m e th o d  o f  m e a s u r i n g  p o l a r i s  
a t i o n .
The e l e c t r o d e p o s i t i o n  o f  a  c o n t i n u o u s  l a y e r  o f  c o p p e r
on a  p l a t i n u m  s u b s t r a t e ,  a s  u s e d  i n  t h e  R . S .  m e t h o d .
D e p l a t e ,  The a n o d i c  r e m o v a l ,  w i t h o u t  o x y g e n  e v o l u t i o n ,  o f  a
p r e f o r m e d  l a y e r  o f  c o p p e r .
T a f e l  P lo t ,  A p l o t  o f  q v e r s u s  i ,  w here  t h e  g r a p h  s c a l e  o f  ia
i s  l o g a r i t h m i c .
I l l
GENERAL REVIEW OF THE LITERATURE
T e c h n o lo g y
The a c i d  c o p p e r  b a t h  was u s e d  f o r  e l e c t r o p l a t i n g  a s  
l o n g  ag o  a s  l 8 l 0 1 „ S i n c e  t h e n  i t s  t e c h n o l o g y  a n d  i m p o r t a n c e  
i n  e l e c t r o f o r m i n g ,  e l e c t r o r e f i n i n g ,  m a n u f a c t u r e  o f  c o p p e r  pow­
d e r  a n d , . t o  a  l e s s e r  e x t e n t ,  i n  p r o t e c t i v e  a n d  d e c o r a t i v e  
p l a t i n g ,  h a v e  b e e n  w e l l  e s t a b l i s h e d .  Some o f  t h e  f a c t o r s  r e ­
s p o n s i b l e  f o r  t h i s  i n c l u d e  t h e  b a t h ’s  r e l a t i v e  n o n - t o x i c i t y ,  economy 
i n  i n s t a l l a t i o n  a n d  m a i n t e n a n c e ,  a n d  e a s e  o f  o p e r a t i o n  w i t h  
c o n s i s t e n t  r e s u l t s .
Many r e v i e w s  o f  i t s  a p p l i c a t i o n s  a n d  t h e  u s e  o f  
s u i t a b l e  a d d i t i o n  a g e n t s  h a v e  a p p e a r e d ,  a n d  t h o s e  up  t o  t h e  
y e a r  195.0 h a v e  b e e n  s u r v e y e d  i n  one p u b l i c a t i o n 2 , P a r t i c u l a r  
t e c h n o l o g i c a l  a s p e c t s  r e f e r r e d  t o  a r e  t h e  e f f e c t s  o f  p l a t i n g  
v a r i a b l e s ,  a d d i t i o n  a g e n t s ,  p h y s i c a l  p r o p e r t i e s  o f  d e p o s i t s ,  
e f f e c t s  o f  i m p u r i t i e s ,  r o l e  o f  a n o d e s ,  c o n t r o l  a n d  m a i n t e n ­
a n c e  o f  t h e  p l a t i n g  s o l u t i o n ,  p r e p a r a t i o n  o f  s u b s t r a t e s  
p r i o r  t o  p l a t i n g  an d  d e p o s i t  t e s t i n g .  Some more r e c e n t  r e v i e w s  
h a v e  s i n c e  a p p e a r e d3 * 5 .
F u n d a m e n t a l  T o p i c s
A c o n s i d e r a b l e  number  o f  i m p o r t a n t  s c i e n t i f i c
p a p e r s  h a v e  b e e n  p u b l i s h e d  d e a l i n g  w i t h  c o p p e r  e l e c t r o d e -  
196
p o s i t i o n  a n d ,  i n  some c a s e s ,  c o m p a r i s o n  w i t h  o t h e r  m e t a l s  was made .  
S p e c i f i c  p o i n t s  t h a t  a r e  r e l e v a n t  t o  t h i s  t h e s i s  i n c l u d e  t h e  
f o l l o w i n g  ( t h e  u n d e r l i n e d  r e f e r e n c e s  a r e  c o n c e r n e d  p r i n c i p a l ­
l y  w i t h  c o p p e r )  : -
a ) ,  a n d  o t h e r  e l e c t r o d e  k i n e t i c  p a r a m e t e r s  -  r e f e r e n c e s :
6 , 7 ,  8 , 9 ,  10, 12 , 1 3 ,  l ' t ,  1 5 ,  16 , 1 7 ,  18 , 19 , 2 0 ,  2 2 ,  2 2 ,
1 2
25 ,  2 6 , 33 ,  3ft, 3 6 , 37 ,  4 3 , 51 ,  6 3 , 6 6 , 7 0 , 8 1 , 8 7 , 93 ,  96 ,  2 7 2 .
b ) .  C r y s t a l  h a b i t  -  r e f e r e n c e s :  11 ,  21_, 3 5 ,  3§_, 4 3 ,  44 ,  ^\5, ^6 ,
ftZ, it2, 1 6 , 91 ,  92 ,  94 .
c ) .  A d d i t i o n  a g e n t  a c t i o n  on ti an d  c r y s t a l  h a b i t  -  r e f e r e n c e s :
2 8 , 2 9 , 3 0 , 3 1 , 3 3 , 41 ,  42 ,  31 ,  5 2 , 3 3 1 67 ,  6 8 , 77 ,  8 2 , 8 8 , 93 ,
1 0 6 , 40*
d ) . I n c l u s i o n s  i n  d e p o s i t s  -  r e f e r e n c e s :  28_, 32 ,^ 48 ,  54* 5 5 ,
» 5Z» £ 8 , 5 9 ,  6 0 , 6 1 , 6 2 * 6 3 , 64 ,  8 0 .
e ) .  E x p e r i m e n t a l  t e c h n i q u e s  e m b r a c i n g  r e p r o d u c i b i l i t y  o f  r\a
an d  c r y s t a l  h a b i t  -  r e f e r e n c e s :  24 ,  2 5 , 2 7 , 39 ., 50 ,  7 2 , 73 ,  7 4 , 7 1 ,
75 ,  7 6 , 7 8 , 79 ,  8 1 .
t\ v e r s u s  i  r e l a t i o n s h i p s
Many d i f f e r e n t  e q u a t i o n s  h a v e  b e e n  d e r i v e d  g i v i n g
t h e  r e l a t i o n s h i p  b e t w e e n  t\ a n d  i  f o r  an y  g i v e n  r a t e - d e t e r -a
m i n i n g  s t e p  f o r  a n  a c t i v a t i o n  c o n t r o l l e d  p r o c e s s .  N a t u r a l l y ,  
i n  s u c h  a  c om plex  p r o c e s s  a s  e l e c t r o d e p o s i t i o n ,  a s s u m p t i o n s  
ha v e  b e e n  n e c e s s a r y  i n  o r d e r  t o  make t h e  e q u a t i o n s  s i m p l e  
an d  c a p a b l e  o f  e x p e r i m e n t a l  v e r i f i c a t i o n .  Such  a s s u m p t i o n s  
h a v e  i n c l u d e d  s y m m e t r i c a l  e n e r g y  b a r r i e r s  a n d  e l e c t r o d e  s u r ­
f a c e s  f r e e  o f  a d s o r b e d  " p o i s o n s ” .
T h u s ,  i f  c r y s t a l  g r o w th  t a k e s  p l a c e  a t  t h e  e d g e s  
o f  i n c o m p l e t e  l a y e r s  an d  t h e  movement o f  i o n s  o v e r  t h e  c a t h o d e
s u r f a c e  i s  t h e  r a t e - d e t e r m i n i n g  f a c t o r ,  t h e n  r\ oC i 85 . Wherea
t h e  d i s c h a r g e  o f  c a t i o n s  i s  r a t e - d e t e r m i n i n g ,  t h e n  q oc l o g i 86.a
Where t h e  r a t e  o f  g r o w t h  i s  g o v e r n e d  by  t h e  a b u n d a n c e  o f
c r y s t a l l i s a t i o n  n u c l e i ,  t h e  p o t e n t i a l  c a n  be  g o v e r n e d  by  t h e
d e g r e e  o f  s u p e r s a t u r a t i o h  n e c e s s a r y  i n  t h e  i n t e r m e d i a t e  s t a t e
f o r  t h e  f o r m a t i o n  o f  c r y s t a l l i s a t i o n  n u c l e i .  F o r  e x a m p l e ,
f o r  2 - d i m e n s i o n a l  n u c l e a t i o n  1 / t\ oc l o g i 86 , a n d  f o r  3 - d i -a
m e n s i o n a l  n u c l e a t i o n  1 /q 2 oc l o g i 86 . T hese  e q u a t i o n s  w erea
o b t a i n e d  by  e q u a t i n g  t h e  t\ r e q u i r e d , a t  a  g i v e n  i ,  t o  t h e
r e v e r s i b l e  work o f  f o r m a t i o n  o f  t h e  n u c l e i *  I n  g e n e r a l ,  e a c h
e q u a t i o n  h a s  b e e n  v e r i f i e d  f o r  s p e c i f i c  m e t a l  s y s t e m s  i n  t h e
h i g h e r  c u r r e n t  d e n s i t y  r e g i o n s  an d  t h i s  i s  t o  be e x p e c t e d
s i n c e ,  when i] <T 30 mv (w here  z = 2 ) ,  t h e  r e v e r s e  r e a c t i o n  a
becom es  s i g n i f i c a n t ,  f o r  exam ple  : -
Cu ^ Um e t a l  c a t h o d e
At p r o g r e s s i v e l y  l o w e r  o v e r p o t e n t i a l s  t h e  u n c o r r e c t e d  r a t e  
e q u a t i o n s  become i n c r e a s i n g l y  i n a c c u r a t e  a s  t h e y  u s u a l l y  c o n ­
s i d e r  o n l y  t h e  r e a c t i o n  Cu+ +  Cu m e t a l .  Where t h e
c o r r e c t i o n  i s  a p p l i e d  i t  h a s  b e e n  shown t h a t  r\ o c i ,  a n dSi
when T| 60 mv t| oC l o g i  w h ic h  i s  t h e  f a m i l i a r  T a f e l  r e -a  a
l a t i o n s h i p  f o r  h y d r o g e n  e v o l u t i o n  a t  a  n o b l e  m e t a l  c a t h o d e 8 1 k.
More r e c e n t  t h e o r e t i c a l  a p p r o a c h e s  t o  e l e c t r o ­
c r y s t a l l i s a t i o n  h a v e  b e e n  b a s e d  on e n e r g y  c h a n g e s  i n v o l v e d  
when a  d i s c h a r g i n g  i o n  a r r i v e s  a t  d i f f e r e n t  t y p e s  o f  c a t h o d e  
s i t e s ,  e . g .  p l a n a r ,  e d g e ,  k i n k ,  s t e p  a n d  h o l e  s i t e s 95 272 .
Some o f  t h e s e  a p p r o a c h e s  p o s t u l a t e  t h a t  when t\ -<T 100 mva
t h e  r a t e - d e t e r m i n i n g  s t e p s  f o r  c o p p e r  a r e  t h e  t r a n s p o r t  o f  i o n s
a n d  a l s o  s u r f a c e  d i f f u s i o n  o f  a d i o n s ; when r\ 100  mv t h e
+ +  + s lo w  s t e p  i s  t n o u g h t  t o  be  t h e  r e a c t i o n  Cu + e —;> Cu .
T h i s  l a t t e r  c a s e  h a s  b e e n  o n l y  i n d i r e c t l y  s u p p o r t e d  e x p e r i ­
m e n t a l l y  f rom  a c o n s i d e r a t i o n  o f  t h e  sym m etry  f a c t o r  I t  
i s  s i g n i f i c a n t  t h a t  a l l  p u b l i s h e d  T a f e l  p l o t s  show no c h a n g e
o f  s l o p e  a t  ti a 100  mv , an d  t h i s  p o i n t  w i l l  be  c o n s i d e r e d  a
s u b s e q u e n t l y .
P r a c t i c a l  v e r i f i c a t i o n  o f  r a t e - e q u a t i o n s
The d i f f i c u l t i e s  i n  t e s t i n g  t h e  v a l i d i t y  o f  a n y  o f  
t h e  p r o p o s e d  r a t e - e q u a t i o n s  h a s  b e e n  c h i e f l y  due t o  : -
a ) .  I r r e p r o d u c i b i l i t y , a r i s i n g  f rom  i n a d e q u a t e  p u r i f i c a t i o n ,  
l a c k  o f  c a r e  i n  h a n d l i n g  t h e  e l e c t r o l y t e  a n d  p o o r  e x p e r i m e n t a l  
t e c h n i q u e  w h ic h  d o e s  n o t  p r o v i d e  s u f f i c i e n t  c o n t r o l  o f  
c o n d i t i o n s  d u r i n g  e l e c t r o l y s i s .
b ) .  I n a c c u r a c y ,  due. t o  p o o r  i n s t r u m e n t a t i o n ,  a d v e r s e  im­
p u r i t i e s  i n  t h e  e l e c t r o l y t e  a n d  s i d e  e f f e c t s .
C o m p a r i s o n  o f  p u b l i s h e d  d a t a
A t t e m p t s  h a v e  b e e n  made t o  c o l l a t e  p r e v i o u s  e x p e r i ­
m e n t a l  d a t a 82 b u t  some o f  t h i s  d a t a  i s  s t r i c t l y  n o t  c o m p a r a b l e  
ow ing  t o  : -
a ) .  P r e s e n c e  o f  N03 ~ i o n s 189 93 , w h ich  c a n  be  r e d u c e d  t o  NH3 
a t  a  c o p p e r  c a t h o d e 101 ,
b ) .  Use o f  a n  amalgam c a t h o d e 93 , w h ic h  c a n  c o m p l i c a t e  t h e  
n o r m a l  c a t h o d i c  s t e p s  when a  s o l i d  c o p p e r  c a t h o d e  i s  u s e d ,
c ) .  Use o f  a  v e r y  d i l u t e  e l e c t r o l y t e 8 9 9 9 , w h ic h  h a s  a  v e r y  
lo w  a n d  u s u a l l y  g i v e s  r o u g h  s p o n g y  d e p o s i t s ,
d ) , Use o f  a  r e l a t i v e l y  h i g h  pH e l e c t r o l y t e 100 , w h ich  g i v e s  
d e p o s i t s  r i c h  i n  c o p p e r  o x i d e s .
C o n s e q u e n t l y  o n l y  t h e  f o l l o w i n g  d a t a  c a n  be s a f e l y  
com p ared  j t h a t  i s ,  i n  T a b l e  1 : -  
E l e c t r o l y t e  -  0 . 5  M CuSQ* , 0 , 5  M H2 S0k ,
T e m p e r a t u r e  -  2 5 °C.
T a b l e  1 .  C o m p a r i s o n  o f  p u b l i s h e d  v a l u e s  o f  i 0 a n d  a
io j A jc a  \ R e f e r e n c e  j
2 . 9 5  -  7 . 5 0 . 2 0 3  -  0 . 3  | 25 i
2 . 0 it 90 |
1 . 5  -  4 . 0 0 . 2 5 3  | 21 I
2 . 1 2
f
99 !
2 . 0  -  4 . 0 0 . 2 9  -  0 . 3 1  ! 82 |
Even  i n  t h e s e  s t u d i e s  w here  s i m i l a r  f a c t o r s  s u c h  a s
p u r i f i c a t i o n  an d  s u b s t r a t e  h a v e  b e e n  e m p lo y ed  by  d i f f e r e n t
w o r k e r s  c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  p a r a m e t e r s  i s  a p p a r e n t .
I n  g e n e r a l ,  t\ v e r s u s  i  p l o t s  f o r  a n y  g i v e n  s y s t e m  a
c a n  be  r e p r e s e n t e d  a s  f o l l o w s  : -
F i g . l a o  T] v e r s u s  i . F i g . l b .  r\ v e r s u s  l o g  i
XY l i n e a r
l o g  i  
-  YZ l i n e a r
'd
I n  F i g . l a  t h e  l i n e a r  s e c t i o n  i s  t e r m e d  t h e  f!low  c u r r e n t  d e n s i t y  
s t e p ” , an d  t h e  c o r r e s p o n d i n g  a c t i v a t i o n  e n e r g y  h a s  b e e n  e x p e r i ­
m e n t a l l y  d e t e r m i n e d  f o r  a  v e r y  n a r r o w  r a n g e  o f  c o n d i t i o n s  a s  
1 8 . 7  C a l / g , a t o m 82 , an d  a s  1 2 . 3  C a l / g . a t o m 99 . I n  F i g - . l b , t h e  
l i n e a r  s e c t i o n  i s  t e r m e d  t h e  ”h i g h  c u r r e n t  d e n s i t y  s t e p ” , an d  
h e r e  t h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e s  f o r  t h e  a c t i v a t i o n  
e n e r g y  a ^ e  q u o t e d  a s  9*6 C a l / g .  a tom 82 , an d  a s  9 . 2  C a l / g .  a tom 2 5 
T h e o r e t i c a l l y  d e t e r m i n e d  v a l u e s  o f  a c t i v a t i o n  e n e r g y  a r e  o f  a  
s i m i l a r  o r d e r 1 9 ,
Few a t t e m p t s  h a v e  b e e n  made t o  s t u d y  how p a r a m e t e r s  
s u c h  a s  a ,  i Q, i ^  a n d  a c t i v a t i o n  e n e r g y  v a r y  w i t h  c h a n g e  i n  
p l a t i n g  v a r i a b l e s ,  b u t  some w ork  h a s  shown t h a t  i Q c a n  be 
a f f e c t e d  by  i m p u r i t i e s 5 7 , and  by  t h e  p r e p a r a t i o n  o f  t h e  s u b ­
s t r a t e 2 5 82 .
I n  g e n e r a l ,  p a r a m e t e r s  d e p e n d i n g  on  r e l a t i v e  v a l u e s  
o f  tj ( e . g .  a  a n d  a c t i v a t i o n  e n e r g y )  a r e  r e a s o n a b l y  c o n c o r d a n tct
f o r  d i f f e r e n t  w o r k e r s  r e s u l t s .  However ,  p a r a m e t e r s  s u c h  a s  i Q
a n d  i , ,  w h ich  i n v o l v e  c o r r e c t n e s s  o f  t h e  a b s o l u t e  v a l u e  o f  d T
ti , a r e  n o t  c o n c o r d a n t ,  a ’
I m p o r t a n c e  o f  t i m e  i n  e l e c t r o l y s i s
I n  o r d e r  t o  overcom e a d v e r s e  e f f e c t s  a r i s i n g  f ro m  a
ch a n g e  i n  c a t h o d e  s u r f a c e  o r  t| w i t h  t i m e  , v a r i o u s  e l e c t r o l y s i sc
t e c h n i q u e s  h a v e  b e e n  d e v i s e d  i n  o r d e r  t o  f a c i l i t a t e  t h e  s t u d y  
o f  e l e c t r o d e  k i n e t i c s  w h ich  i n c l u d e
a ) .  S u s t a i n e d  d . c .  w i t h  s u p e r i m p o s e d  a . c . 121 ,
b ) .  S u s t a i n e d  d . c . 90 25 21 97 ,
c ) .  S u s t a i n e d  a . c . 9 5 ,
d ) .  P u l s e d  a . c . 121 156 f
e ) .  P u l s e d  d . c , 73 57 .2 0 100 ^
f ) .  V o l t a m m e t r y  a t  c o n s t a n t  c u r r e n t 66 ,
g ) ,  C o u l o m e t r y  a t  c o n s t a n t  p o t e n t i a l 81 ,
D e s p i t e  t h e  o b j e c t i o n  t h a t  s u s t a i n e d  d . c ,  p r o b a b l y  
p r o d u c e s  a n  a p p r e c i a b l e  c o n c e n t r a t i o n  g r a d i e n t  b e t w e e n  t h e  
c a t h o d e  s u r f a c e  and  t h e  b u l k  p l a t i n g  s o l u t i o n  i t  i s  c l e a r  t h a t  
o n l y  t h i s  e l e c t r o l y s i s  t e c h n i q u e  c a n  g i v e  r e s u l t s  t h a t  a r e  
s t r i c t l y  c o m p a r a b l e  w i t h ,  a n d  p e r h a p s  b e n e f i c i a l  t o ,  t e c h n o ­
l o g i c a l  p r a c t i c e .  F o r  e x a m p le ,  l e t  u s  com pare  t h e  t e c h n i q u e s
b ) .  a n d  e ) .  I n  b ) , c e r t a i n  s i g n i f i c a n t  c h a n g e s  o c c u r  i n  t h e  
c a t h o d e  l a y e r  w h i c h ,  a t  m o d e r a t e  c u r r e n t  d e n s i t y ,  c a n  l a s t
f o r  s e v e r a l  s e c o n d s  a f t e r  t h e  i n i t i a l  a p p l i c a t i o n  o f  e l e c t r o -
+ +l y s i s .  Such  c h a n g e s  i n c l u d e  pH, Cu c o n c e n t r a t i o n ,  a d d i t i o n  
a g e n t  c o n c e n t r a t i o n ,  an d  a d s o r p t i o n -  o r  d e s o r p t i o n  o f  a c t i v e  
m a t e r i a l ,  an d  a l l  o f  t h e s e  may a f f e c t  n o t  o n l y  t h e  s t e p  w h ic h  
g o v e r n s  t h e  r a t e  o f  t h e  d e p o s i t i o n  p r o c e s s  b u t  a l s o  t h e  e n ­
v i r o n m e n t  i n  w h ich  c r y s t a l l i s a t i o n  o c c u r s .  T h u s ,  i f  i o n i c  
t r a n s f e r  i s  f o u n d  t o  be  t h e  r a t e - d e t e r m i n i n g  s t e p  when t e c h ­
n i q u e  b ) . i s  u s e d  t h e  same s t e p  may n o t  p r e v a i l  i n  t e c h n i q u e
e ) .  w here  c o n d i t i o n s  f o r  t r a n s f e r  may be more f a v o u r a b l e ,  
s i n c e , i n  e ) ,  t h e  p u l s e s  a r e  r a r e l y  l o n g e r  t h a n  0 . 0 0 1  s .  
F u r t h e r m o r e ,  a t  h i g h  c u r r e n t  d e n s i t i e s  w h e re  r\c
becomes  s i g n i f i c a n t  an d  Hg e v o l u t i o n  i s  p o s s i b l e ,  i  may n o t  
be  c l e a r l y  i d e n t i f i a b l e  i n  t e c h n i q u e  e ) .
I t  s h o u l d  a l s o  be  p o i n t e d  t h a t  c o n s i d e r a b l e  p r a c t -
i c a l  d i f f i c u l t i e s  an d  e r r o r s  a r i s e  i n  t h e  measu^toient o f  t r a n ­
s i e n t , r a t h e r  t h a n  s t e a d y , v a l u e s  o f  r\ , a n d  n e c e s s i t a t e  o s c i l l o -a
s c o p i c  o r  o t h e r  e l e c t r o n i c  means  f o r  m e a s u r i n g  r} , P u b l i s h e da
d a t a  show t h a t ' ,  w i t h  t h e  l o n g e s t  p u l s e s  u s e d ,  r\ i s  s t i l la
t r a n s i e n t  w h ich  may a c c o u n t  f o r  a p p r e c i a b l e  i r r e p r o d u c i b i l i t y .
D e s p i t e  c e r t a i n  a d v a n t a g e s  i n  u s i n g  a  t e c h n i q u e  o t h e r  
t h a n  b ) ,  f o r  exam ple  i n  o r d e r  t o  e x a g g e r a t e  a  c e r t a i n  s l o w  s t e p ,  
i t  was a p p a r e n t  t h a t  c o n s i d e r a b l e  b e n e f i t  m i g h t  a r i s e  by  d e ­
v e l o p i n g  t e c h n i q u e  b )  more f u l l y .
C r y s t a l  h a b i t  o f  c o p p e r  e l e c t r o d e p o s i t s
Many r e c e n t  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  on t h i s  
a s p e c t  u s i n g  s o l u t i o n s  f r e e  o f  a d d i t i o n  a g e n t s  w here  i t  h a s  b e e n  
shown t h a t ,  b e lo w  a  c r i t i c a l  c u r r e n t  d e n s i t y ,  e p i t a x y  c a n  
o c c u r .  The a v a i l a b i l i t y  o f  l a r g e  s i n g l e  c r y s t a l s  h a s  g r e a t l y  
f a c i l i t a t e d  t h i s  w o rk .
I t  h a s  a l w a y s  b e e n  a s s u m e d  t h a t  t r a c e s  o f  i m p u r i ­
t i e s  c a n  a f f e c t  t h e  c r y s t a l  h a b i t  b e c a u s e  d i f f e r e n t  p u r i f i ­
c a t i o n  t e c h n i q u e s ,  i n v o l v i n g  o x i d a t i o n ,  v o l a t i l i s a t i o n ,  
a d s o r p t i o n  o r  p r e - e l e c t r o l y s i s ,  i n f l u e n c e  t h e  r e p r o d u c i b i l -  
t y .  H owever ,  i t  h a s  n e v e r  b e e n  e s t a b l i s h e d  c o n c l u s i v e l y  
w h e t h e r  t h e  p u r i f i c a t i o n  i n t r o d u c e s  a  new i m p u r i t y  a t  a 
s t a n d a r d  c o n c e n t r a t i o n  whose e f f e c t  masks  t h a t  o f  a l l  o t h e r  
a d v e r s e  i m p u r i t i e s .  N e v e r t h e l e s s ,  i t  h a s  b e e n  shown t h a t  a  
d e f i n i t e  c r y s t a l  h a b i t  c a n  be  a s s o c i a t e d  w i t h  a  n a r r o w  r a n g e
o f  r| d u r i n g  e l e c t r o c r y t a l l i s a t i o n 82 ( a l t h o u g h  t h e  w ork  w o u ld  a
h a v e  b e e n  im p ro v e d  by  t h e  u s e  o f  a  p o t e n t i o s t a t ) : -
18
T a b l e  2 .  R e l a t i o n s h i p  b e t w e e n  r\ an d  d e p o s i t  m o rp h o l o g ya- ■
ti , i n  mV a 7 C r y s t a l  H a b i t .
l e s s  t h a n  10 r i d g e d
r i d g e d - p l a t e l e t
s e r r a t e d - p l a t e l e t
p l a t e l e t
b l o c k s
p o l y c r y s t a l l i n e
10 -  30 
30 -  40 
40 -  70 
70 -  100
g r e a t e r  t h a n  100
I n  many c a s e s66 82 , t h o u g h ,  r e s u l t s  m us t  h a v e  b e e n  s p o i l e d  o r  
made s u s p e c t  owing t o  t h e  u s e  o f  m a t e r i a l s  t h a t  w ere  i n  c o n ­
t a c t  w i t h  t h e  e l e c t r o l y t e  w h ich  h a v e  now b e e n  f o u n d  t o  a f f e c t  
t h e  c a t h o d i c  p r o c e s s ,  e . g .  t h e  u s e  o f  c e r t a i n  " s t o p p i n g - o f f "  
m e d i a .
p u r e l y  t h e o r e t i c a l  ' g ro u n d s  t h e  t y p e  o f  c r y s t a l  h a b i t  t h a t  
s h o u l d  be o b t a i n e d  u n d e r  s t a n d a r d  c o n d i t i o n s .  I f  t h i s  w e re  so  
t h e n  t h e  p r e s e n c e  o r  e f f e c t  o f  i m p u r i t i e s  c o u l d  be c h e c k e d .  
A c c o r d i n g l y ,  i t  i s  f e l t  t h a t  t h e  c r i t e r i a  o f  p u r i t y  f o r  e l e c t r o ­
l y t e s  r e q u i r e d  f o r  c r y s t a l  h a b i t  an d  k i n e t i c  s t u d i e s  a r e :
a ) ,  t h e  e l e c t r o l y t e  a l l o w s  v e r i f i c a t i o n  o f  t h e o r e t i c a l l y  d e ­
r i v e d  t| — i  r e l a t i o n s h i p s ,
b ) . t h e  e l e c t r o l y t e  e x h i b i t s  s t a b l e  an d  r e p r o d u c i b l e  p r o p e r ­
t i e s ,  p a r t i c u l a r l y  i f  s i m i l a r  r e s u l t s  c a n  be o b t a i n e d  by
p r e p a r i n g  t h e  e l e c t r o l y t e  f rom two o r  more d i f f e r e n t  s o u r c e s .
E f f e c t  o f  a d d i t i o n  a g e n t s
U n f o r t u n a t e l y  i t  i s  n o t  y e t  p o s s i b l e  t o  p r e d i c t  f rom
S t u d i e s  by  d i f f e r e n t  w o r k e r s  on t h e  e f f e c t s  o f  an y  
one a d d i t i o n  a g e n t  h a v e  b e e n  q u a l i t a t i v e l y  c o n c o r d a n t ,  b u t  
o n l y  a  v e r y  l i m i t e d  r a n g e  o f  a d d i t i o n  a g e n t s  s u c h  a s  g e l a t i n
a n d  t h i o u r e a ,  h a s  b e e n  u s e d  on w h ich  t o  b a s e  t h e  t h e o r i e s  o f
a d d i t i o n  a g e n t  a c t i o n .  F u r t h e r m o r e ,  m os t  o f  t h e  a t t e m p t e d
q u a n t i t a t i v e  w ork  h a s  b e e n  v i t i a t e d  by  f a c t o r s  s u c h  a s  t h e
f o r m a t i o n  o f  s p u r i o u s  p r o d u c t s  a t  t h e  a n o d e ,  h y d r o l y s i s  o r
d e c o m p o s i t i o n  a t  t h e  c a t h o d e . F e w  a t t e m p t s  h a v e  b e e n  made t o
s e p a r a t e  t h e  anode  by  a  d i a p h r a g m  p r o b a b l y  b e c a u s e  o f  t h e
d i f f i c u l t y  i n  o b t a i n i n g  s u i t a b l e  r e s i s t a n t  p o r o u s  m e d ia  s u c h
a s  Al2 03 i n  t h e  r i g h t  f o r m .  Anodic  d e c o m p o s i t i o n  n o t  o n l y
a f f e c t s  t h e  t r u e  amount o f  a d d i t i o n  a g e n t  i n  t h e  p l a t i n g
s o l u t i o n  b u t  t h e  a n o d i c  p r o d u c t s  c a n  a f f e c t  T] a n d  c r y s t a la
h a b i t .  The b e n e f i t  t h a t  may be o b t a i n e d  by a n o d e  s e p a r a t i o n  
h a s ,  h o w e v e r ,  b e e n  i n d i c a t e d  i n  w ork  on i r o n  a n d  n i c k e l  
d e p o s i t i o n 1 0 2 .
I t  i s  a p p a r e n t  t h a t  m os t  o f  t h e  a d d i t i o n  a g e n t s  
r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  w ere  c h o s e n  on a c c o u n t  o f  t h e i r  
e s t a b l i s h e d  i n d u s t r i a l  u s a g e  s u b s e q u e n t _t o  f r u i t f u l  e m p i r i c a l  
r e s u l t s .  F u n d a m e n t a l  s t u d i e s  t h o u g h  demand t h a t  t h e  a d d i t i o n  
a g e n t  m us t  p o s s e s s  a  h i g h  d e g r e e  o f  s t a b i l i t y ,  o r  known b e ­
h a v i o u r ,  s o  t h a t  i t s  c o u r s e  d u r i n g  e l e c t r o d e p o s i t i o n  c a n  be 
f o l l o w e d  e x a c t l y .
A d d i t i o n  a g e n t  a c t i o n
T h i s  h a s  b e e n  a s c r i b e d  c h i e f l y  t o  : -
a ) .  P h y s i c a l ,  o r  c h e m i c a l ,  a d s o r p t i o n  ( o r  d e s o r p t i o n )  w h ic h
may be  s e l e c t i v e  a t  a  c e r t a i n  s u b s t r a t e  o r i e n t a t i o n ,  t h e r e b y
m o d i f y i n g  t h e  c r y s t a l  h a b i t  and  a l t e r i n g  r\ ,a
b ) .  S t r o n g  b o n d i n g  w i t h  t h e  d e p o s i t a b l e  m e t a l  s p e c i e s  w h e r e ­
by  t h e  w ho le  m e t a l  c o m p lex  may be n e u t r a l i s e d  w i t h o u t  t o t a l  
r e l e a s e  o f  a l l  t h e  l i g a n d  r e s i d u e s  l e a d i n g  t o  i n c l u s i o n s  w h ic h  
c a n  a f f e c t  t h e  c r y s t a l  h a b i t .
The p o i n t  h a s  o f t e n  b e e n  s t r e s s e d  t h a t  t h e r e  i s  
p r o b a b l y  no s i n g l e  s i m p l e  m echan ism  t h a t  a c c o u n t s  f o r  a d d i t i o n
a g e n t  a c t i o n  i n  c o p p e r  d e p o s i t i o n  g e n e r a l l y ,  an d  t h e  o v e r a l l  
p r o c e s s  i s  p r o b a b l y  a  c o m b i n a t i o n  o f  s e v e r a l  p h y s i c o - c h e m i c a l  
e f f e c t s .
D e s p i t e  t h e  p a u c i t y  o f  a d d i t i o n  a g e n t s  u s e d  i n  f u n ­
d a m e n t a l  s t u d i e s ,  com pared  w i t h  t h e  v a s t  number p r o p o s e d  i n  
t h e  p a t e n t  l i t e r a t u r e ,  c e r t a i n  p r e d i c t i o n s  h a v e  b e e n  made a n d ,  
i n  some c a s e s  e x p e r i m e n t a l l y  s u b s t a n t i a t e d ,  c o n c e r n i n g  t h e  
s u b s t a n c e s  m os t  l i k e l y  t o  a f f e c t  t h e  c a t h o d i c  p r o c e s s 83 5 2 al* .
I n c l u s i o n s  r e s u l t i n g  f rom  a d d i t i o n  a g e n t s
I t  h a s  b e e n  f o u n d  t h a t  when a n  a d d i t i o n  a g e n t  i s  
u s e d  t h e r e  i s  i n v a r i a b l y  some c o - d e p o s i t i o n .  H e n c e ,  i n  
s t u d y i n g  a d d i t i o n  a g e n t  a c t i o n  f u l l  i n f o r m a t i o n  c a n  be  o b ­
t a i n e d  n o t  o n l y  f rom  a  s t u d y  o f  e l e c t r o l y t e - e l e c t r o d e  i n t e r ­
f a c e  e f f e c t s  ( e . g .  t h e  e f f e c t  on t j  ) b u t  by  c o n s i d e r i n g  t h ea
n a t u r e ,  q u a n t i t y  a n d  d i s t r i b u t i o n  o f  i n c l u s i o n s *  T h u s ,  i n ­
c l u s i o n s  r e s u l t i n g  f rom  t h e  u s e  o f  g e l a t i n  h a v e  r e c e i v e d  t h e  
a t t e n t i o n  o f  many w o r k e r s 55 56 57 59 60 6 , I t  was f i r s t  b e ­
l i e v e d  t o  be c o - d e p o s i t e d 55 b e c a u s e  t h e  g e l a t i n  c o n t e n t  o f  
t h e  p l a t i n g  s o l u t i o n  f e l l  w i t h  t i m e  ( w h ic h  a s s u m e d  o f  c o u r s e  
t h a t  t h e r e  was no a n o d i c  d e c o m p o s i t i o n ) .
Q u a n t i t a t i v e  a n a l y s i s  o f  i n c l u s i o n s  i n  c o p p e r  d e ­
p o s i t s  h a v e  n o t  b e e n  p a r t i c u l a r l y  a c c u r a t e  o r  r e p r o d u c i b l e  
b e c a u s e  q u a l i t a t i v e  a n a l y s i s  was n o t  c a r r i e d  o u t  f i r s t  i n  
o r d e r  t o  c h e c k  how t h e  i n c l u s i o n  c o u l d  be  a f f e c t e d  by. t h e  
a n a l y s i s  p r o c e d u r e .  Such  p r o c e d u r e s  h a v e  i n v o l v e d  c o m b u s t i o n ,  
a n o d i c  d i s s o l u t i o n ,  o r  d i s s o l u t i o n  i n  s t r o n g  o x i d i s i n g  a c i d s .  
C o m b u s t i o n  a n a l y s i s  h a s  b e e n  f r e q u e n t l y  a d o p t e d  t o  f i n d  n i t r o g e n  an d  
c a r b o n ,  i n  c o p p e r  d e p o s i t s  c o n t a i n i n g  a s  l i t t l e  a s  0 . 05% 
g e l a t i n  ( a s s u m e d ) .  I t  i s  a p p a r e n t  t h a t  t h i s  m e thod  i s  v e r y  r e ­
s t r i c t e d  b e c a u s e  t h e  a c t u a l  c h e m i c a l  n a t u r e  o f  t h e  i n c l u s i o n  
may be  q u i t e  o b s c u r e  a l t h o u g h ,  i n  one c a s e ,  i t  was c l a i m e d  t h a t
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t h e  o d o u r  o f  t h e s e  h e a t e d  c o p p e r  d e p o s i t s  was s i m i l a r  t o  t h a t  
o f  b u r n e d  g e l a t i n .
C o u lo m e t r y  h a s  b e e n  f a v o u r e d 2 8 57 b e c a u s e  i t  p r o v i d e s  
a s i m p l e  way o f  r e l a t i n g  t h e  e x c e s s  w e i g h t  o f  e l e c t r o d e p o s i t  
t o  t h a t  o f  t h e  % o f  i n c l u s i o n .  However ,  i t  h a s  b e e n  e s t a b l i s h e d  
t h a t  c o p p e r  c o u l o m e t r y  i s  s u b j e c t  t o  many s o u r c e s  o f  e r r o r 103 160 
a n d ,  a p a r t  f rom t h e s e  e r r o r s  w h ic h  c a n  p r e v a i l  e v e n  i n  t h e  a b ­
s e n c e  o f  a n  a d d i t i o n  a g e n t ,  n o n - m e t a l l i c  m a t e r i a l  o t h e r  t h a n  
t h a t  f rom  t h e  a d d i t i o n  a g e n t  c a n  c o - d e p o s i t 102 , e . g .  c a r b o n ­
a c e o u s  m a t t e r  c a n  a r i s e  f rom  CO an d  C02 p r e s e n t  i n  t h e  a t ­
m o s p h e r e .
M e t a l l o g r a p h i c  a n a l y s i s
The d i s t r i b u t i o n  o f  i n c l u s i o n s  i n  c o p p e r  d e p o s i t s  
h a s  b e e n  s t u d i e d  by m e t a l l o g r a p h y ,  p a r t i c u l a r l y  a f t e r  h e a t -  
t r e a t m e n t 6 1 32 , b u t  i t  was n e v e r  e s t a b l i s h e d  i f  t h e  i n c l u s i o n s  
w ere  m o b i l e  a t  t h e  e l e v a t e d  t e m p e r a t u r e .  L a t e r  work6 2 h a s  i n ­
v o l v e d  t h e  u s e  o f  r a d i o - a c t i v e  l a b e l l e d  a d d i t i o n  a g e n t s , s u c h  
a s  S i n  t h i o u r e a ,  an d  t h e r e b y  a  q u a n t i t a t i v e  p l a n  c o u l d  be 
made s h o w i n g  how t h e  amount o f  i n c l u s i o n  c o u l d  v a r y  f ro m  p e a k  
t o  v a l l e y .  The i n c l u s i o n s  i n  t h e s e  c a s e s  w ere  d e s c r i b e d  a s  
b e i n g  s u l p h i d e s .
E f f e c t  o f  i n c l u s i o n s  on t h e  p h y s i c a l  an d  c h e m i c a l  p r o p e r t i e s
A number o f  s t u d i e s  o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  
c o p p e r  d e p o s i t s  c o n t a i n i n g  i n c l u s i o n s  h a s  b e e n  made p a r t i c ­
u l a r l y  c o n c e r n i n g  e l e c t r i c a l  r e s i s t a n c e ,  h a r d n e s s  an d  r e f l e c t ­
i v i t y ,  F o r  e x a m p le ,  i t  was f o u n d  t h a t 32 i n c l u s i o n s  u s u a l l y  
g r e a t l y  i n c r e a s e  a l l  t h r e e  o f  t h e s e  p r o p e r t i e s .
On t h e  o t h e r  h an d  few s t u d i e s  h a v e  b e e n  made on  t h e  
e f f e c t  o f  i n c l u s i o n s  on t h e  c h e m i c a l ,  o r  e l e c t r o c h e m i c a l ,  b e ­
h a v i o u r  o f  c o p p e r  d e p o s i t s .  Most  r e p o r t s  i n d i c a t e 3 2 t h a t
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i n c l u s i o n s  a d v e r s e l y  a f f e c t  t h e  c o r r o s i o n  r e s i s t a n c e  b u t  i t  
i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  t a r n i s h  r e s i s t a n c e  o f  c o p p e r  
was i m p r o v e d  when g e l a t i n  was u s e d  a s  a n  a d d i t i o n  a g e n t 5 7 .
O t h e r  m e t a l  s y s t e m s
On t h e  o t h e r  h a n d  i n c l u s i o n s  i n  n i c k e l  d e p o s i t s  h a v e  
r e c e i v e d  a  c o n s i d e r a b l e  amount o f  s t u d y .  F o r  e x a m p l e ,  t h e  
e f f e c t  o f  some p l a t i n g  v a r i a b l e s  on t h e  am ount o f  f u c h s i n  
i n c l u d e d  showed t h a t  t h e r e  was a  d i r e c t  r e l a t i o n s h i p  b e ­
t w e e n  t h e  amount o f  f u c h s i n  i n  t h e  p l a t i n g  s o l u t i o n ,  t h e  
am ount i n c l u d e d  an d  a l s o  t h e  g r a i n  s i z e  o f  t h e  d e p o s i t 1, 0* . 
H ow ever ,  e v e n  h e r e  t h e  e x p e r i m e n t a l  s c a t t e r  was +_ 50% due t o  
e r r o r s  i n t r o d u c e d  by a n o d i c  d e c o m p o s i t i o n  ( p o r o u s  p o t  s e p a r - 5 
a t i o n  c o u l d  n o t  be u s e d  owing t o  e x t e n s i v e  a d s o r p t i o n  o f  f u c h ­
s i n  i n  t h e  p o r o u s  w a l l s ) ,  and  d u r i n g  t h e  d i s s o l u t i o n  o f  t h e  
d e p o s i t s .
The l o c a t i o n  o f  i n c l u s i o n s ,  an d  p r o b a b l y  t h e i r  
n a t u r e ,  h a s  b e e n  c a r r i e d  o u t  m e t a l l o g r a p h i c a l l y 1 05 by a p p l y i n g  
s e l e c t i v e  c h e m i c a l  r e a g e n t s  t o  c r o s s - s e c t i o n s  o f  p r e p a r e d  
n i c k e l  d e p o s i t s  w h i l s t  o b s e r v e d  u n d e r  t h e  m i c r o s c o p e .  T h i s  
t e c h n i q u e  r e q u i r e s  l a r g e  am oun ts  o f  c l e a r l y  v i s i b l e  i n c l u s i o n , .  
C o n c l u s i o n s
a ) .  I f  s u b s t r a t e ^ r e p r o d u c i b i l i t y  an d  e l e c t r o l y t e  p r e p a r a t i o n  
w ere  r e - i n v e s t i g a t e d  i t  m i g h t  be  p o s s i b l e  t o  t e s t  o u t  t h e
v a r i e t y  o f  t h e o r e t i c a l l y  d e r i v e d  rj -  i  r e l a t i o n s h i p s ,
3.
b ) .  F u l l y  q u a n t i t a t i v e  and  r e p r o d u c i b l e  a n a l y s e s  o f  e v e n  l a r g e  
a m o u n ts  o f  i n c l u s i o n  have  n o t  b e e n  r e a l i s e d ,
c ) .  The c h e m i c a l  n a t u r e  o f  i n c l u s i o n s  h a s  r a r e l y  b e e n  e l u c i ­
d a t e d ,
d ) .  The d i s t r i b u t i o n  o f  l a r g e  am oun ts  o f  i n c l u s i o n . h a s  b e e n  
o b s e r v e d  b e c a u s e ,  f o r t u n a t e l y ,  i t  i s  i n d e p e n d e n t  o f  r e s u l t s
o b t a i n e d  i n  b)  an d  c ) .
e ) .  F u l l y  q u a n t i t a t i v e  w ork  i s  p o s s i b l e  o n l y  i f  t h e  a d d i t i o n  
a g e n t  i s  n o t  d e s t r o y e d  a t  t h e  a n o d e ,  c a t h o d e  o r  d u r i n g  i t s  r e ­
c o v e r y  f o r  a n a l y s i s  a n d ^ f u r t h e r ^ o n l y  i f  t h e  i n c l u s i o n s  a r e  due 
s o l e l y  t o  t h e  a d d i t i o n  a g e n t  an d  i f  t h e  m e th o d  o f  a n a l y s i s  i s  
r e p r o d u c i b l e  an d  s u f f i c i e n t l y  s e n s i t i v e  t o  d e a l  w i t h  t h e  s m a l l  
am o u n ts  i n v o l v e d .  I f  t h e s e  c o n d i t i o n s  a r e  r e a l i s e d  t h e n  t h e  
c o u r s e  o f  a d d i t i o n  a g e n t  a c t i o n  an d  e f f e c t  o f  p l a t i n g  v a r i a b l e s  
c a n  be a t t e m p t e d ,
f ) . A p a r t i a l  a s s e s s m e n t  o f  t h e  p r o p e r t i e s  o f  a  d e p o s i t  c o n ­
t a i n i n g  i n c l u s i o n s  may be p r e d i c t e d  o n l y  i f  t h e  c h e m i c a l  n a t u r e ,  
d i s t r i b u t i o n  and  q u a n t i t y  o f  i n c l u s i o n  c a n  be  d e t e r m i n e d .
F u r t h e r  r e f e r e n c e  t o  t h e  l i t e r a t u r e ,  i n c l u d i n g  t h a t  
q u o t e d  a b o v e ,  w i l l  be i n t r o d u c e d  an d  d i s c u s s e d  w here  a p p r o p r i a t e .
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INTRODUCTION
B e f o r e  t h e  t e c h n i q u e s  u s e d  a r e  c o n s i d e r e d ,  i t  i s
n e c e s s a r y  t o  r e v i e w  t h e  e x p e r i m e n t a l  f a c t o r s  w h ich  c a n  a f f e c t  t h e
r e p r o d u c i b i l i t y  an d  a c c u r a c y  o f  t] v e r s u s  i  r e l a t i o n s h i p s  d u r i n ga
c o p p e r  e l e c t r o d e p o s i t i o n  f rom  s o l u t i o n s  Aot . . c o n t a i n i n g  a d d i t i o n  
a g e n t s .  Such  f a c t o r s  h a v e  g o v e r n e d  t h e  d e s i g n  an d  o p e r a t i o n  o f  
t h e  a p p a r a t u s . t o  be d e s c r i b e d .
S i g n i f i c a n c e  o f  O v e r p o t e n t i a l 190
The m e a n in g  o f  t\ v a l u e s  o b t a i n e d  by  c l a s s i c a l  t e c h n i q u e s  
h a s  b e e n  q u e s t i o n e d  f r e q u e n t l y .  F o r  e x a m p l e ,  i t  may n o t  a l w a y s  be  
c e r t a i n  t h a t  t h e  d e p o s i t i o n  p r o c e s s  i s  u n d e r  s i m p l e  a c t i v a t i o n  
c o n t r o l ,  an d  i t  h a s  b e e n  s u g g e s t e d  t h a t  more t h a n  one r e a c t i o n  
s t e p  may d e t e r m i n e  t h e  k i n e t i c s  o f  a  d e p o s i t i o n  p r o c e s s 36 37 9 5 . I t  
i s  a l s o  b e l i e v e d  t h a t  t r u e  e l e c t r o c h e m i c a l  o v e r p o t e n t i a l  i s  e f f e c t ­
i v e  o n l y  a c r o s s  t h e  d o u b l e  l a y e r  w h ic h  p o s s e s s e s  m o l e c u l a r  d im e n ­
s i o n s .  C l a s s i c a l  t e c h n i q u e s 5 0 , w h ich  em ploy  a  c a p i l l a r y  a n d  r e f ­
e r e n c e  e l e c t r o d e ,  c a n  g i v e  -n v a l u e s  w h ic h  a r e  t o o  h i g h  due t o  aa
r e s i s t a n c e  o v e r p o t e n t i a l  c o m p o n e n t .
I t  w i l l  be a s s u m e d  t h a t  t h e  q v a l u e s  m e a s u r e d  a n d  q u o t e d
i n  t h e  p r e s e n t  w ork  a r e  n o t ,  i n  f a c t ,  r e n d e r e d  m e a n i n g l e s s  by  t h e
a b o v e  g e n e r a l  c r i t i c i s m s .
V i g o r o u s  a g i t a t i o n ,  w h ic h  i s  u s e d  t o  e l i m i n a t e  r\ , a p p e a r sc
t o  l e a v e  u n a f f e c t e d  a  s o l u t i o n  l a y e r  a b o u t  0 . 0 0 1  cm t h i c k  a t  t h e
c a t h o d e  s u r f a c e .  H e n c e ,  t h e  e f f e c t  o f  n a t u r a l  c o n v e c t i o n  o v e r  t h e
s u r f a c e  c a n  b e  i m p o r t a n t 1 0 8 . H owever ,  i t  w i l l  be  a s s u m e d  t h a t  n 
• c
i s  a b s e n t  when f u r t h e r  i n c r e a s e  i n  t h e  d e g r e e  o f  a g i t a t i o n  no
l o n g e r  l o w e r s  t h e  o b s e r v e d  o v e r p o t e n t i a l .
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The d e s i g n  o f  t h i s  a s s e m b l y  r e q u i r e s  c a r e  s o  t h a t  a  
s t a b l e  an d  a c c u r a t e  r e f e r e n c e  i s  p r o v i d e d ,  The e q u i l i b r i u m  
p o t e n t i a l  c a n  be  a f f e c t e d  by  a  c h a n g e  i n  t h e  e l e c t r o d e s  s u r f a c e ,  
o r  i n  t h e  c o n c e n t r a t i o n  o f  t h e  s u r r o u n d i n g  e l e c t r o l y t e .  Any 
t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  r e f e r e n c e  a n d  e l e c t r o l y s i s  
c e l l s  m us t  be k e p t  c o n s t a n t  d u r i n g  an y  p a r t i c u l a r  e x p e r i m e n t .
I d e a l l y  t h e  r e f e r e n c e  c e l l  e l e c t r o l y t e  s h o u l d  be s i m ­
i l a r  t o  t h a t  i n  t h e  e l e c t r o l y s i s  c e l l  t o  a v o i d  e r r o r s  a r i s i n g  
f rom  a  l i q u i d  j u n c t i o n  an d  f ro m  t h e  d i f f u s i o n  a n d  m i g r a t i o n  o f  
a d v e r s e  f o r e i g n  i o n s .  The u s e  o f ,  s a y ,  a  c a l o m e l  c e l l 13 106 
s h o u l d  be  a v o i d e d  o t h e r w i s e  s e r i o u s  e r r o r s  w ou ld  be c a u s e d  by  
t h e  p r e s e n c e  o f  c h l o r i d e  i o n s  i n  t h e  e l e c t r o l y s i s  c e l l .
F o r t u n a t e l y  a  v e r y  s i m p l e  and  e f f e c t i v e  CulCuSOi, s y s ­
tem c a n  fo rm  a  s u i t a b l e  r e f e r e n c e  c e l l 133 , a l t h o u g h  i t  h a s  b e e n  
shown t h a t  o n l y  t h e  (1 1 1 )  p l a n e  i s  s t a b l e  when p o l y c r y s t a l l i n e  
c o p p e r  i s  im m ersed  i n  a q u e o u s  c o p p e r  s u l p h a t e 1 3 4 * The e f f e c t  
o f  p r e v i o u s  c o l d - w o r k  on  t h e  e l e c t r o d e  p o t e n t i a l 135' c a n  be 
i g n o r e d .
C a p i l l a r i e s ,  f o r  c o n n e c t i n g  t h e  r e f e r e n c e  a n d  e l e c t r o ­
l y s i s  c e l l s ,  h a v e  r e c e i v e d  c o n s i d e r a b l e  s t u d y 141 136 137 13 8 .
The L u g g i n - H a b e r  p r o b e  h a s  b e e n  f o u n d  u n s u i t a b l e  f o r  p r e c i s e
m e a s u r e m e n t s  o f  r\ s i n c e ,  when t h e  c a p i l l a r y  t i p  t o u c h e s  t h ea
c a t h o d e  s u r f a c e ,  t h e  c u r r e n t  d e n s i t y  i s  l o w e r e d  a t  t h a t  r e g i o n .  
T h i s  e r r o r  h a s  b e e n  a v o i d e d  by m e a s u r i n g  t h e  o v e r p o t e n t i a l  a t  
known d i s t a n c e s  f rom  t h e  c a t h o d e  s u r f a c e  a n d  t h e n  f i n d i n g  ti 
by  e x t r a p o l a t i n g  t h e  o v e r p o t e n t i a l  v a l u e s  t o  z e r o  d i s t a n c e  f ro m  
t h e  ca th o d e^ ?27 140 151 . A l t h o u g h  t h e  s c r e e n i n g  e f f e c t  i s  
a v o i d e d 1 4 2 1 4 3 1 4 4 t h e  e x t r a p o l a t i o n  may s o m e t im e s  be s u s p e c t  
b e c a u s e  t h e  t\ -  d i s t a n c e  r e l a t i o n s h i p  i s  n o t  n e c e s s a r i l y  l i n e a r .  
F u r t h e r m o r e  some d i s t u r b a n c e  t o  t h e  c a t h o d e  -  a n o d e  c u r r e n t  p a t h  
may be  p r o d u c e d  by  a n  i n t e r p o s i n g  v e r t i c a l  s e c t i o n 2 2 7 .
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Most o f  t h e s e  d i f f i c u l t i e s  h a v e  b e e n  a v o i d e d  by  t h e  d e s i g n  
o f  a  c a p i l l a r y  made w i t h  a  l a t e r a l  o p e n i n g 1 4 ^ h i c h  h a s  b e e n  
f o u n d  t o  g i v e  e x t r e m e l y  r e p r o d u c i b l e  r e s u l t s .
A c t u a l  M e as u rem e n t  o f  t i ____________________________ _a
The s i m p l e s t  way i s  t o  a p p l y  t h e  r e q u i r e d  c u r r e n t
u n t i l  T] i s  s u f f i c i e n t l y  s t e a d y .  The c u r r e n t  i s  t h e n  i n c r e a s e d ,  a
o r  d e c r e a s e d ,  i n  s t e p s  o v e r  t h e  r e q u i r e d  r a n g e  an d  a t  e a c h  
s t e p  t h e  c o r r e s p o n d i n g  ria  i s  n o t e d .  T h i s  e n a b l e s  a  c o m p l e t e  
p l o t  o f  ri -  i  t o  be o b t a i n e d  an d  t h i s  c l a s s i c a l  m e th o d  w i l lct
be r e f e r r e d  t o  a s  t h e  s t e a d y  s t a t e  d i r e c t ,  o r  S . S . D . ,  m e t h o d .  
H e re  t h e  t i m e  f a c t o r  i s  a p p r e c i a b l e  a n d ,  a s  t h e  d e p o s i t  g r o w s ,  
p a r t i c u l a r l y  i f  a d d i t i o n  a g e n t s  a r e  p r e s e n t ,  t h e  c a t h o d e  c a n ­
n o t  be m a i n t a i n e d  i n  a  r e p r o d u c i b l e  s t a t e .  T h i s  m e thod  m u s t  be 
u s e d  w h e re  s t u d i e s  o f  c r y s t a l  g r o w th  a n d  a s s o c i a t e d  v a l u e s  
a r e  r e q u i r e d .
The ti v a l u e s  c a n  be  m e a s u r e d  w i t h  a  p o t e n t i o m e t e r  
an d  g a l v a n o m e t e r  s y s t e m  p r o v i d e d  t h a t  t h e  r e f e r e n c e  c e l l  i s  
n o t  a d v e r s e l y  a f f e c t e d  by a  f l o w  o f  c u r r e n t  i n  t h e  o u t - o f -  
b a l a n c e  c o n d i t i o n .  T h i s  s y s t e m  c a n  be  v e r y  p r e c i s e  a n d  s o  
s e n s i t i v e  a s  t o  a l l o w  t h e  o b s e r v a t i o n  o f  s m a l l  o s c i l l a t i o n s .
On t h e  o t h e r  h a n d  i t  i s  s l o w  t o  o p e r a t e  a n d  s p e e d i e r  m e a s u r e ­
m en ts  catnj.be made w i t h  a  v a l v e - v o l t m e t e r . H ow ever ,  i n  g e n e r a l ,  
t h e s e  v o l t m e t e r s  do n o t  p o s s e s s  a n  a c c u r a c y  g r e a t e r  t h a n  1% 
an d  t h e  m e t e r  movements a r e  h e a v i l y  damped,
C u r r e n t  D e n s i t y
One o f  t h e  m os t  i m p o r t a n t  f a c t o r s  i n v o l v e d  i n  o b ­
t a i n i n g  s i g n i f i c a n t  ti — i  r e l a t i o n s h i p s  u s i n g  t h e  S . S . D . ,  
m e thod  i s  t h e  c u r r e n t  d e n s i t y ,  an d  some o f  t h e  a s s o c i a t e d  
p r a c t i c a l  d i f f i c u l t i e s  h a v e  b e e n  e m p h a s i s e d 3 4 . The t r u e  
v a l u e  may n o t  be  known owing t o  t h e  t e n d e n c y  f o r  c o p p e r  t o
d e p o s i t  on a c t i v e  c a t h o d e  s i t e s  w h ich  fo rm  a  p a r t  o f  t h e  t o t a l  
c a t h o d e  s u r f a c e  a r e a .  The a c t i v i t y  i s  b e l i e v e d  t o  c h a n g e  w i t h  
t i m e 152 153 15  ^ , p e r h a p s  i n d e p e n d e n t l y  o f  e f f e c t i v e  s u r f a c e  
a r e a  c h a n g e s 1 5 5 , A c h a n g e  o f  p r e d o m i n a n t  o r i e n t a t i o n  may a l s o  
o c c u r  w i t h  t i m e ,  T h es e  c o m p l i c a t i n g  s i t u a t i o n s  a r e  n o t  u s u a l l y  
e x p e r i e n c e d  i n  h y d r o g e n  o v e r p o t e n t i a l  s t u d i e s  ( i n  t h e  a b s e n c e  
o f  an y  c h e m i c a l  c h a n g e  o f  t h e  m e t a l  c a t h o d e  ) a l t h o u g h  t h e  
f o r m a t i o n  o f  h y d r o g e n  b u b b l e s  an d  t h e i r  a d h e r e n c e  t o  t h e  c a t h o d e  
w i l l  l o w e r  t h e  t r u e  s u r f a c e  a r e a 1 0 7 .
Many t e c h n i q u e s  h a v e  b e e n  a p p l i e d  i n  a n  a t t e m p t  t o  
f i n d  t h e  t r u e  c a t h o d e  p l a t i n g  a r e a .  T h u s ,  d i e l e c t r i c  c a p a c i t y  
m e a s u r e m e n t s  w ere  u s e d  w h ich  a s s u m e d  t h a t  t h e  c a p a c i t y  was 
p r o p o r t i o n a l  t o  t h e  t r u e  s u r f a c e  a r e a  a n d ,  i n  m os t  c a s e s ,  i t  
was f o u n d  t h a t  d i f f u s i o n  o f  d e p o s i t i n g  i o n s  o c c u r r e d  a t  a b o u t  
1 / 5  t h  o f  t h e  g e o m e t r i c  s u r f a c e  a r e a 9 5 . I t  h a s  b e e n  s t r e s s e d 66, 
t h o u g h ,  t h a t  f o r  an y  c a t h o d e  t h e  c a p a c i t a n c e ,  g e o m e t r i c ,  an d  
a c t i v e  s u r f a c e  a r e a s  may a l l  be  d i f f e r e n t  f o r  a  g i v e n  s e t  o f  
p l a t i n g  c o n d i t i o n s .
I t  i s  a p p a r e n t  t h a t  t h e  t r u e  p l a t i n g  c u r r e n t  d e n s i t y  
i s  v e r y  d i f f i c u l t  t o  d e t e r m i n e  an d  d i f f i c u l t i e s  h a v e  b e e n  e x ­
a g g e r a t e d  by  a n  i n a d e q u a c y  i n  t h e  e x p e r i m e n t a l  t e c h n i q u e s  i n  
n o t  p r o v i d i n g  a  r e p r o d u c i b l e  s u b s t r a t e  -  t h a t  i s ,  a  c a t h o d e  
s u r f a c e  w i t h  t h e  same p r o p e r t i e s  f o r  e a c h  s t e p w i s e  m e a s u r e ­
ment  o f  ti * a
C a th o d e  C u r r e n t  D i s t r i b u t i o n
T h i s  m us t  be  a s  u n i f o r m  a s  p o s s i b l e  i n  o r d e r  t h a t  
t h e  s i t e  c h o s e n  f o r  m e a s u re m e n t  i s  r e p r e s e n t a t i v e  o f  t h e  w h o le  
c a t h o d e  s u r f a c e .  Whenever  t h e  a n o d e - c a t h o d e  s e p a r a t i o n  d i s ­
t a n c e  a n d  p o s i t i o n s  g i v e  p l a n a r  e q u i p o t e n t i a l  s u r f a c e s  t h e n  
t h e r e  w i l l  be  optimum c u r r e n t  d i s t r i b u t i o n .  I n  g e n e r a l ,  t h i s  
s p a c i n g  i s  a  few t i m e s  t h e  e l e c t r o d e  w i d t h 1 *k 1 ^ 5 11,6 i n  t h e
28
a b s e n c e  o f  an y  o b s t r u c t i o n s  b e t w e e n  t h e  e l e c t r o d e s .  T h i s  d i s ­
t a n c e  c a n  be r e l a t e d  t o  t h e  t h r o w i n g  pow er1 k 7 148 1 ** 9 1 50 .
A c c o r d i n g l y ,  a t t e n t i o n  m us t  be p a i d  t o  t h e  g e o m e t r y  
o f  t h e  e l e c t r o l y s i s  c e l l  an d  a l s o  t o  im m ers ed  co m p o n e n t s  
s u c h  a s  t h e  a g i t a t o r ,  c a p i l l a r y  and  c o n t r o l l i n g  t h e r m o m e t e r .
T i m e - d e p e n d e n t  C a t h o d e  S u r f a c e s
a ) .  E l e c t r o l y s i s  T ime.
Many a t t e m p t s  t o  m in im i®  t h e  v a r i a t i o n  o f  a c t i v e  
p l a t i n g  a r e a  w i t h  t i m e  f o l l o w e d  f ro m  t h e  r e p o r t s  t h a t  ti c o u l d
c i
v a r y  w i t h  t i m e  u n d e r  s u s t a i n e d  g a l v a n o s t a t i c  c o n d i t i o n s 86 
27^ a  c 301  ^ T h i s  was a t t r i b u t e d  t o  a  c h a n g e  i n  Cu+ c o n c e n ­
t r a t i o n 3 5 , t o  a d d i t i o n  a g e n t  c o n c e n t r a t i o n 31 , a n d  t o  a  c h a n g e  
i n  t h e  c a t h o d e  s u r f a c e  a r e a 90 100 2 7 3 • The e a r l y  a t t e m p t s  
u s i n g  t h e  c o m m u ta to r  m e thod  an d  t h e  e l e c t r o n i c  i n t e r r u p t e r  
m e thod3 0 0 a s s u m e d  t h a t  a  s t e a d y  v a l u e  o f  ti c o u l d  be r e a c h e d  
b e f o r e  t i m e - d e p e n d e n t  f a c t o r s  m a n i f e s t e d  t h e m s e l v e s .  The com­
m u t a t o r  m e thod  was l a t e r  shown t o  be  u n r e l i a b l e 73 .
P u l s e d  t e c h n i q u e s  h a v e  a l r e a d y  b e e n  r e f e r r e d  t o  
w h ic h  a r e ,  i n  g e n e r a l ,  v e r y  s e n s i t i v e  t o  i m p u r i t i e s 89 9 5 96 9 7 . 
I t  h a s  a l s o  b e e n  shown t h a t  when a . c .  i s  u s e d 163 t h e  s u r f a c e  
a r e a  c a n  c h a n g e  b e c a u s e  t h e  l a s t  c r y s t a l s  t o  g row  d u r i n g  a  
c a t h o d i c  s t a g e  a r e  n o t  n e c e s s a r i l y  t h e  f i r s t  t o  d i s s o l v e  i n  t h e  
f o l l o w i n g  a n o d i c  s t a g e ,  an d  a  s i m i l a r  e f f e c t  c a n  a r i s e  w h e re  
t h e  c a t h o d e  an d  a n o d e  e f f i c i e n c i e s  d i f f e r .
I t  h a s  b e e n  f o u n d  t h a t  i f  t h e  c a t h o d e  w e re  s c r a p e d  
p r i o r  t o  e a c h  m e a s u re m e n t  o f  r\ t h e n  l i n e a r  T a f e l  r e l a t i o n s h i p scl
c o u l d  be  o b t a i n e d 1 5 7 . H owever ,  a l t h o u g h  t h i s  t e c h n i q u e  m i n i ­
m i s e s  t h e  t i m e  e f f e c t ,  t h e  number o f  d e t e r m i n a t i o n s  o f  ti i sa
l i m i t e d  by  t h e  t h i c k n e s s  o f  t h e  c a t h o d e .
The c o s t l y  X -  Y r e c o r d e r s  ( w here  X = i ,  Y=ti ) do9.
n o t  a p p e a r  t o  hav e  b e e n  e x p l o i t e d  a l t h o u g h ,  w i t h  s u c h  a  s y s ­
t e m ,  a  c o m p l e t e  an d  c o n t i n u o u s  p l o t  o f  T) -  i  c o u l d  becl
o b t a i n e d  i n  a b o u t  one s e c o n d .  Even  i n  t h i s  c a s e  t h e  s u b s t r a t e  
c o u l d  c h a n g e  i f  t h e  same e l e c t r o d e  were  u s e d  f o r  s u c c e s s i v e  
r u n s  *
b ) .  C a t h o d e  I m m e r s i o n  Time,
I t  i s  s t r e s s e d  t h a t ,  a l t h o u g h  t h e  e l e c t r o l y s i s  t i m e  
f a c t o r  h a s  r e c e i v e d  a t t e n t i o n ,  t h e  t o t a l  i m m e r s i o n  t i m e  h a s  
n e v e r  b e e n  c o n s i d e r e d .  F o r  e x a m p l e ,  when e l e c t r o l y s i s  i s  n o t  
b e i n g  c a r r i e d  o u t  c e r t a i n  r e a c t i o n s  may o c c u r  a t  a  c o p p e r  s u r ­
f a c e  w h ich  c a n  a l t e r  i t s  n a t u r e 1 9 3 , A s i n g l e  c r y s t a l  o r  a  p o l y ­
c r y s t a l l i n e  s u r f a c e  a r e a  c a n  c h a n g e  i n  c x y g e n a t e d  c o p p e r  s u l p h a t e  
s o l u t i o n  t h u s 1 5 8 162 ; -
2 Cu + 2 H2 S ( \  + 02 = 2 CuSO^ + 2 H2 0 ,
I n  t h e  a b s e n c e  o f  o x y g e n  c o p p e r  c a n  s t i l l  d i s s o l v e  u n t i l  t h e  
a p p r o p r i a t e  e q u i l i b r i u m  v a l u e  o f  Cu+/  Cu++ i s  r e a c h e d 15 9 , an d  
t h i s  p a r t i c u l a r  r e a c t i o n  h a s  b e e n  e s t a b l i s h e d  a s  one o f  t h e  
c h i e f  c a u s e s  o f  c o u l o m e t r i c  e r r o r s . 0 F u r t h e r m o r e ,  l o c a l i s e d  e l ­
e c t r o c h e m i c a l  c o r r o s i o n  o f  p o l y c r y s ' t a l l i n e  c o p p e r  c a n  o c c u r  due 
t o  d i f f e r e n c e s  i n  t h e  e l e c t r o d e  p o t e n t i a l  o f  c e r t a i n  f a c e s 161 .
P u r i t y  o f  t h e  E l e c t r o l y t e
The i m p o r t a n c e  o f  t h i s  f a c t o r ,  p a r t i c u l a r l y  i n  c o n ­
n e c t i o n  w i t h  r e p r o d u c i b i l i t y ,  c a n n o t  be o v e r e m p h a s i s e d 9 6 9 8 . 
P u r i f i c a t i o n  t e c h n i q u e s  h a v e  i n v o l v e d  som e ,  o r  e v e n  a l l ,  o f  t h e  
f o l l o w i n g  s t e p s
a ) .  R e p e a t e d  r e c r y s t a l l i s a t i o n  o f  h y d r a t e d  c o p p e r  s u l p h a t e  t o  
remove  c h i e f l y  i n o r g a n i c  i m p u r i t i e s 3 7 90 9 5 ,
b ) .  D i s t i l l a t i o n  o f  t h e  w a t e r  ( f r o m  a c i d  o r  a l k a l i n e  p o t a s s i u m  
p e r m a n g a n a t e  s o l u t i o n  ) 25 3 7 , a n d  o f  s u l p h u r i c  a c i d 95 t o  r e ­
move c h l o r i d e  i o n s ,  i r o n  a n d  m i c r o - o r g a n i s m s ,
c ) .  V o l a t i l i s a t i o n  by  b o i l i n g  t o  remove v o l a t i l e  i m p u r i t i e s  
s u c h  a s  f o r m a l d e h y d e  and  c a r b o n  d i o x i d e 50 11 0 ,
d ) .  A d s o r p t i o n  o f  a d s o r b a b l e  i m p u r i t i e s  on t o  a c t i v e  c a r b o n 21
99 62 113 11** 117 t o r  a c t i v e  a l u m i n a6 6 89 ,
e ) .  O x i d a t i o n  w i t h  h y d r o g e n  p e r o x i d e  o r  p o t a s s i u m  p e r m a n g a n a t e  
t o  f a c i l i t a t e  t h e  a d s o r p t i o n  o f  c e r t a i n  o r g a n i c  i m p u r i t i e s  an d  
t o  d e s t r o y  s u l p h i d e  i o n s112 116 ,
f ) ,  F i l t r a t i o n  o f  s u s p e n d e d  m a t t e r  l i k e l y  t o  p r o d u c e  r o u g h ­
n e s s  ,
g ) ,  P r e - e l e c t r o l y s i s  a t  low  c u r r e n t  d e n s i t y  t o  p l a t e  o u t  
m e t a l l i c  i m p u r i t i e s  s u c h  a s  a n t i m o n y ,  a r s e n i c  an d  z i n c 95 37 111 
115 2 2 9 »
h ) .  P r e p a r a t i o n  o f  t h e  p l a t i n g  s o l u t i o n  by t h e  a n o d i c  d i s ­
s o l u t i o n  o f  t h e  a p p r o p r i a t e  p u r e  m e t a l 2 2 8 .
The a c t u a l  c h o i c e  o f  o v e r a l l  p u r i f i c a t i o n  p r o c e d u r e  
h a s  u s u a l l y  b e e n  s e t t l e d  by  t h e  b e s t  r e p r o d u c i b i l i t y  o f  o v e r ­
p o t e n t i a l  u n d e r  s t a n d a r d  c o n d i t i o n s 50 9 0 , o f  d e p o s i t  s t r u c t u r e  
99 21 11 8  ^ o r  o f  a n y  o t h e r  f a c t o r  u n d e r  c o n s i d e r a t i o n .  I d e a l l y  
t h e  m e thod  o f  p u r i f i c a t i o n  s h o u l d  be g o v e r n e d  by a  p r i o r  know­
l e d g e  o f  a l l  a d v e r s e  i m p u r i t i e s  b u t  t h i s  i s  n o t  p r a c t i c a l l y  
p o s s i b l e .  The u s e  o f  e s t a b l i s h e d  s t a n d a r d  c h e m i c a l  p u r i f i c a t i o n  
m e th o d s  may be p r e c l u d e d  owing t o  t h e  i n t r o d u c t i o n ,  o r  f o r m ­
a t i o n ,  o f  s p u r i o u s  i m p u r i t i e s .  F o r  e x a m p l e ,  many g r a d e s  o f  
a c t i v e  c a r b o n  ( d e p e n d i n g  on t h e  a c t i v a t i o n  p r o c e s s  ) a n d  
h y d r o g e n  p e r o x i d e  ( d e p e n d i n g  on t h e  m e thod  o f  m a n u f a c t u r e  a n d  
p r e s e n c e  o f  s t a b i l i s e r s  ) a r e  u n s u i t a b l e  f o r  e l e c t r o c h e m i c a l  
s t u d i e s .
The s t a b i l i t y  o f  an y  s a t i s f a c t o r i l y  p u r i f i e d  e l e c t r o ­
l y t e  d u r i n g  s t o r a g e  m u s t  a l s o  be c o n s i d e r e d  s i n c e  one c a u s e  o f  
i r r e p r o d u c i b i l i t y  i s  t h e  p o s s i b i l i t y  o f  b a c t e r i a l  c o n t a m i n ­
a t i o n 50 . The e f f e c t  o f  l i g h t  on a  s o l u t i o n  c o n t a i n i n g  c a r b o n  
d i o x i d e  m i g h t  be c o n s i d e r e d  i n  c o n n e c t i o n  w i t h  t h e  p h o t o ­
s y n t h e s i s  o f  f o r m a l d e h y d e 1 1 9 .
I n  a d d i t i o n ,  a d v e r s e  i m p u r i t i e s  c a n  a r i s e  f r o m  u n ­
c l e a n  o r  w r o n g l y  c o n s t r u c t e d  a p p a r a t u s .  F o r  e x a m p l e ,  c e r t a i n  
p l a s t i c s  a r e  u n s u i t a b l e  a s  c o n s t r u c t i o n a l  m a t e r i a l s ,  a s  i n d i ­
c a t e d  i n  t h e  f o l l o w i n g  t a b l e 120 , on a c c o u n t  o f  t h e i r  a b i l i t y  t o  
r e t a i n  w a t e r - s o l u b l e  c o n t a m i n a n t s : -
T a b l e  3 .  W a te r  r e t e n t i o n  o f  v a r i o u s  p l a s i c s .
' P l a s t i c Max.  '% o f  w a t e r  a b s o r b e d  by w t .  j
PTFE N e g l i g i b l e  jj
P o l y s t y r e n e N e g l i g i b l e  j
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PVC 0 .2  |
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F u r t h e r ,  i m p u r i t i e s  c a n  a r i s e  i n  t h e  e l e c t r o l y t e  
f rom  t h e  a t m o s p h e r e  i f  t h e  c e l l  i s  o p e n ,  f ro m  d i s s o l u t i o n  o f  
anode  m a t e r i a l ,  f ro m  t h e  r e f e r e n c e  e l e c t r o d e ,  an d  f ro m  new 
s p e c i e s  fo rm ed  d u r i n g  e l e c t r o l y s i s  e s p e c i a l l y  a t  h i g h  c u r r e n t  
d e n s i t y .
T e m p e r a t u r e  C o n t r o l
I t  i s  b e l i e v e d  t h a t  t h e  t e m p e r a t u r e  o f  a  m e t a l  s p e c i e s  
a t  t h e  t i m e  o f  i t s  c r y s t a l l i s a t i o n  i s  c o n s i d e r a b l y  h i g h e r  
t h a n  t h e  p l a t i n g  s o l u t i o n  t e m p e r a t u r e 1 0 9 . I r r e s p e c t i v e  o f  t h e  
s i g n i f i c a n c e  o f  t h i s  c r y s t a l l i s a t i o n  t e m p e r a t u r e  s m a l l  v a r i ­
a t i o n s  i n  t h e  p l a t i n g  s o l u t i o n  t e m p e r a t u r e  m a r k e d l y  a f f e c t  rj ,a
by  a b o u t  0 . 0 0 4  v / ° C 25 .
C o n t r o l  c a n  be  c o n v e n i e n t l y  e f f e c t e d  by  h o u s i n g  t h e  
e l e c t r o l y s i s  c e l l  i n  a n  a i r - t h e r m o s t a t  c u p b o a r d  p r o v i d e d  t h a t  
t h e  e l e c t r o l y t e  t e m p e r a t u r e  d o e s  n o t  r i s e  d u r i n g  e l e c t r o l y s i s .  
However,  t h i s  i s  l i k e l y  t o  o c c u r  w i t h  s o l u t i o n s  o f  h i g h  e l e c -
t r i c a l  r e s i s t a n c e  a n d  w i t h  a n y  e l e c t r o l y t e  a t  h i g h  c u r r e n t  d e n ­
s i t y .  T h es e  t h e r m o s t a t s  a r e  a l s o  u n s u i t a b l e  w here  a  w id e  r a n g e  
o f  e x p e r i m e n t a l  t e m p e r a t u r e  i s  r e q u i r e d .
W a t e r - b a t h  t h e r m o s t a t s  hav e  b e e n  u s e d  b u t  a r e  s a t i s ­
f a c t o r y  (c n l y  i f  t h e  c e l l  h a s  no s u b m e r g e a b l e  j o i n t s ,  o t h e r ­
w i s e  e r r o r s  c a n  a r i s e  due t o  s t r a y  c u r r e n t s  a f f e c t i n g  rj .cl
P u m p - c i r c u l a t i o n  w i t h  e x t e r n a l  h e a t i n g  an d  c o o l i n g  
i s  c l a i m e d  t o  g i v e  good c o n t r o l 2 5 , b u t  l a r g e  q u a n t i t i e s  o f  
e l e c t r o l y t e  a r e  r e q u i r e d  t o  c h a r g e  t h e  e x t e r n a l  c i r c u i t .
I n t e g r a l  t h e r m o s t a t  c o n t r o l l e d  w a t e r - j a c k e t s  h a v e  
g i v e n  good  r e s u l t s 122 , b u t  a r e  v e r y  d i f f i c u l t  t o  f a b r i c a t e  
i n  t h e  more c o m p l i c a t e d  a l l - g l a s s  c e l l s .
C o n t r o l  o f  pH
T h i s  i s  d i f f i c u l t  w here  w e a k l y  a c i d  c o p p e r  s u l p h a t e
s o l u t i o n s  a r e  u s e d  w h ich  h a v e  n e g l i g i b l e  b u f f e r  p r o p e r t i e s ,
pH v a r i a t i o n  i s  m os t  l i k e l y  t o  o c c u r  d u r i n g  t h e  p a s s a g e  o f
h i g h  c u r r e n t s  an d  a f t e r  p r o l o n g e d  e l e c t r o l y s i s .  A r i s e  i n
pH w i l l  l o w e r  t\ 9 0 , a n d  a  c h a n g e  i n  pH w i l l  a f f e c t  t h e  c o p p e r -  
a
i o n  a c t i v i t y 123 p a r t i c u l a r l y  i f  c o m p l e x i n g  a g e n t s  a r e  p r e s e n t .  
The u s e  o f  b u f f e r s  s h o u l d  be  a v o i d e d  u n l e s s  i t  c a n  be  d e f i n i t e l y  
e s t a b l i s h e d  t h a t  t h e y  do net p r o d u c e  a n y  f u r t h e r  c o m p l i c a t i o n s .
A g i t a t i o n
The i m p o r t a n c e  o f  s u f f i c i e n t  a g i t a t i o n  h a s  a l r e a d y  
b e e n  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  tic . I t  a l s o  p r o v i d e s  a  c o n ­
v e n i e n t  way o f  e n s u r i n g  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  
t h r o u g h o u t  t h e  c e l l .
V i g o r o u s l y  r o t a t i n g  i m p e l l e r s  h a v e  b e e n  u s e d  b u t  
i n v a r i a b l y  c a u s e  c a v i t a t i o n ,  v o r t e x i n g  a n d  s p l a s h i n g .  C a t h o d e  
r o t a t i o n  h a s  a l s o  b e e n  u s e d 125 b u t ,  p a r t i c u l a r l y  w i t h  s m o o th  
s u r f a c e s ,  p r o v i d e s  v e r y  l i t t l e  a g i t a t i o n  b o t h  f o r  t h e  c a t h o d e
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a n d  t h e  b u l k  p l a t i n g  s o l u t i o n ,  and  i t  a l s o  d o e s  n o t  a l l o w  t h e  
m e a su re m e n t  o f  n w here  i t  i s  n e c e s s a r y  t o  t o u c h  t h e  c a t h o d e  
w i t h  t h e  c a p i l l a r y  t i p .
S o l u t i o n  a g i t a t i o n  h a s  b e e n  m e n t i o n e d  b u t ,  f ro m  t h e  
p u b l i s h e d  r e s u l t s 2 5 , i t  a p p e a r s  t o  be  i n e f f i c i e n t  an d  t h e r e  i s  
t h e  a d d e d  r i s k  o f  s o l u t i o n  c o n t a m i n a t i o n .
I n e r t  g a s  b u b b l i n g 132 i s  n o t  v i g o r o u s  enough  f o r  
h i g h  c u r r e n t  d e n s i t i e s ,  a n d  s u s p e n d e d  b u b b l e s  c a n  c a u s e  i r ­
r e g u l a r  c h a n g e s  i n  t h e  e l e c t r o l y t i c  c o n d u c t i v i t y  an d  s p u r i o u s  
e l e c t r o d e  p o t e n t i a l  e f f e c t s 1 2 6 .
M a g n e t i c  s t i r r i n g  h a s  b e e n  d e s c r i b e d  a s  v e r y  e f f i c ­
i e n t 229 b u t  i s  c o n f i n e d  t o  a  few s p e c i a l  c e l l  s h a p e s .
C a t h o d e  v i b r a t i o n  was f o u n d  t o  im p ro v e  t h e  fo rm  o f  
t h e  d e p o s i t 127 a n d ,  i n  p o l a r o g r a p h y , i t  c a n  m a r k e d l y  r a i s e  t h e  
l i m i t i n g  c u r r e n t  d e n s i t y 1 2 8 ,
U l t r a s o n i c  a g i t a t i o n  was f o u n d  t o  e l i m i n a t e  t h e  d i f f  
u s i o n  l a y e r  o f  a  p o l a r i s e d  c o p p e r  e l e c t r o d e 1 2 9 , b u t  c a u s e d  no 
e f f e c t  on i t s  e q u i l i b r i u m  p o t e n t i a l .  I n  e l e c t r o d e p o s i t i o n  i t  
was f o u n d  t o  r a i s e  t h e  c u r r e n t  e f f i c i e n c y  a t  h i g h  c u r r e n t  
d e n s i t y ,  b u t  t o  l o w e r  i t  a t  low  c u r r e n t  d e n s i t y 131 132 -  t h e  
l a t t e r  e f f e c t  was a s c r i b e d  t o  t h e  r e - d i s p e r s i o n  o f  d e p o s i t a b l e
1 3  0c o p p e r  p r i o r  t o  i t s  b e i n g  a b l e  t o  c r y s t a l l i s e .  I t  was a l s o  
f o u n d  t o  r e d u c e  t h e  g r a i n  s i z e  o f  c o p p e r  d e p o s i t s .  A c c o r d i n g l y  
i t  i s  f e l t  t h a t  t h e  u s e  o f  t h i s  a p p a r e n t l y  h i g h l y  e f f i c i e n t  
fo rm  o f  a g i t a t i o n  c o u l d  i n t r o d u c e  f u r t h e r  c o m p l i c a t i o n s  i n  
f u n d a m e n t a l  s t u d i e s .
E l e c t r o l y t e  C o n c e n t r a t i o n
I t  i s  i m p o r t a n t  t h a t  t h e  e l e c t r o l y s i s  c e l l  s h o u l d  
c o n t a i n  a  s u f f i c i e n t  vo lume o f  s o l u t i o n ,  p a r t i c u l a r l y  w h e re  
t h e  an o d e  an d  c a t h o d e  e f f i c i e n c i e s  d i f f e r ,  s o  t h a t  no s i g n i f i ­
c a n t  c h a n g e s  i n  c o m p o s i t i o n  o c c u r  d u r i n g  t h e  e x p e r i m e n t .
The p o s s i b i l i t y  t h a t  t h e  c a t h o d e  l a y e r  c o m p o s i t i o n  
may be q u i t e  d i f f e r e n t  t o  t h a t  o f  t h e  b u l k  s o l u t i o n  h a s  b e e n  
r e f e r r e d  t o  i n  t h e  G e n e r a l  R e v ie w .  Work on t h e  c o p p e r  s u l p h a t e  
s y s t e m  h a s  shown t h a t 266 : -
a ) ,  A v a r i a t i o n  i n  b u l k  s u l p h u r i c  a c i d  c o n c e n t r a t i o n  a f f e c t s  
t h e  f i l m  more t h a n  a  s i m i l a r  b u l k  c o p p e r  s u l p h a t e  c h a n g e ,
b ) .  A s m a l l  t e m p e r a t u r e  r i s e  m a r k e d l y  d e c r e a s e s  t h e  c o n c e n ­
t r a t i o n  g r a d i e n t ,  n a m e ly  t h e  a c i d  c o n t e n t  o f  t h e  f i l m  d e c r e a s e s  
a nd  t h e  c o p p e r  i o n  c o n c e n t r a t i o n  i s  i n c r e a s e d ,
c ) .  T h e re  c a n  be  a  v a r i a t i o n  i n  c a t h o d e  f i l m  c o m p o s i t i o n  w i t h  
a  c h a n g e  i n  s i t e  o f  a  v e r t i c a l  c a t h o d e ,  d e s p i t e  a g i t a t i o n ,
d ) . An i n c r e a s e  i n  c u r r e n t  d e n s i t y  i n c r e a s e s  t h e  s u l p h u r i c  a c i d  
c o n t e n t ,  an d  d e c r e a s e s  t h e  c o p p e r  s u l p h a t e  c o n t e n t ,  o f  t h e  
c a t h o d e  f i l m .
A r e v i e w  o f  some o t h e r  a n a l y t i c a l  t e c h n i q u e s  f o r  
s t u d y i n g  t h e  c o m p o s i t i o n  o f  t h e  c a t h o d e  l a y e r  h a s  b e e n  p u b ­
l i s h e d 2 6 7 . H ow ever ,  i n  v ie w  o f  t h e  g r e a t  e x p e r i m e n t a l  d i f f i ­
c u l t i e s  i n  a n a l y s i n g  c a t h o d e  f i l m s  d i s c u s s i o n s  o f  e x p e r i ­
m e n t a l  r e s u l t s  r e p o r t e d  i n  t h i s  t h e s i s  w i l l  r e f e r  t o  t h e  com­
p o s i t i o n  o f  t h e  b u l k  p l a t i n g  s o l u t i o n  u n l e s s  s p e c i f i c a l l y  
s t a t e d  o t h e r w i s e .
C o n c l u s i o n s
I n  t h e  c o u r s e  o f  s t u d y i n g  t h e  e l e c t r o d e p o s i t i o n  o f  
c o p p e r  i t  h a s  b e e n  f o u n d  n e c e s s a r y  t o  d e v i s e  a n d  im p ro v e  
t e c h n i q u e s  i n  o r d e r  t o  overcome t h e  more s i g n i f i c a n t  d i f f i c u l t ­
i e s  an d  s o u r c e s  o f  e r r o r  r e v i e w e d  a b o v e .  I n  many c a s e s  t h e  
e x p e r i m e n t a l  t e c h n i q u e  i s  b a s e d  on p r e v i o u s  a id  a x i o m a t i c  r e c o ­
m m e n d a t io n s  .
T h u s ,  p a r t i c u l a r  a t t e n t i o n  h a s  b e e n  p a i d  t o  c e l l  d e ­
s i g n  an d  o p e r a t i o n ,  t h e  p r o v i s i o n  o f  a  r e p r o d u c i b l e  s u b s t r a t e ,  
and  t h e  p r e p a r a t i o n  a n d  p u r i f i c a t i o n  o f  t h e  p l a t i n g  s o l u t i o n .
APPARATUS
Electrolysis Cell
T h i s  i s  shown i n  F i g s  * 2 , 3  and  was made f ro m  P y r e x  
g l a s s ,  a n d  t h e r e f o r e  c a p a b l e  o f . r e p e a t e d  c l e a n i n g  i n  s t r o n g  
o x i d i s i n g  a c i d s .  I t s  c a p a c i t y  was 125 nil a t  t h e  w o r k i n g  l e v e l ,  
a n d  a l l  j o i n t s  w ere  g r o u n d  an d  p o l i s h e d  t h u s  a v o i d i n g  t h e  n e e d  
f o r  u s i n g  o r g a n i c  s e a l s  ( a  d e p o l a r i s i n g  e f f e c t  was f o u n d  f o r  
r u b b e r ,  n e o p r e n e ,  p l a s t i c i s e d  p o l y t h e n e ,  s i l i c o n e  r u b b e r  a n d  
”L a c o m i t n ) .  The u p p e r  w a l l s  o f  t h e  c e l l  w ere  h i g h  enough  t o  
m i n i m i s e  t h e  c r e e p i n g  e f f e c t  o f  c o p p e r  s u l p h a t e  s o l u t i o n s 162
The d i s t a n c e  b e t w e e n  e l e c t r o d e s  X a n d  Y gave  u n i f o r m  
d e p o s i t  t h i c k n e s s  o v e r  a  w ide  r a n g e  o f  p l a t i n g  c o n d i t i o n s .
A l l  s u r f a c e s  com ing  i n t o  c o n t a c t  w i t h  t h e  e l e c t r o l y t e  
w ere  s t o r e d  a n d  c l e a n e d  i n  s u l p h u r i c  a c i d  c o n t a i n i n g  s o d iu m  
n i t r a t e  an d  s o d iu m  p e r c h l o r a t e 1 6 5 , B e f o r e  a s s e m b l y  o f  t h e  c e l l  
a l l  o f  t h e s e  s u r f a c e s  w ere  r i n s e d  s i x  t i m e s  w i t h  d i s t i l l e d  
w a t e r  a n d , a f t e r  a s s e m b l y ,  t h r e e  t i m e s  w i t h  d i s t i l l e d  w a t e r  
f o l l o w e d  by f o u r  t i m e s  w i t h  t h e  e l e c t r o l y t e  u s e d  i n  t h e  e x ­
p e r i m e n t .  The w a t e r - b r e a k  t e s t  was u s e d  a s  a  p r a c t i c a l  g u i d e  
f o r  t h e  c l e a n i n g  e f f i c i e n c y 1 6 6 , a n d  a l l  c e l l  c o m p o n e n t s  w ere  
h a n d l e d  w i t h  p l a t i n u m  p l a t e d  n i c k e l  t o n g s .
A ssem bly  was f a c i l i t a t e d  by  g e n t l e  p r e s s u r e  i n  t h e  
p r e s s  w h ic h  c o u l d  t h e n  be m a g n e t i c a l l y  c l a m p e d  t o  t h e  c a b i n e t  
f l o o r  shown i n  F i g .  *f. . A l l  e s s e n t i a l  o p e r a t i o n s  s u c h  a s
c o n t r o l  o f  v i b r a t i o n ,  h e a t i n g ,  c a p i l l a r y  p o s i t i o n  a n d  c u r r e n t  
c o u l d  be e f f e c t e d  f ro m  o u t s i d e  t h e  d u s t - t i g h t  c a b i n e t  a s  shown 
i n  F i g ,  *f.
T e m p e r a t u r e  C o n t r o l
Temperature rises during electrolysis could be as high
FIGURE 2
C e l l  a s s e m b l e d ,  s h o w i n g  t h e  c l a m p i n g  a r r a n g e m e n t s .
L egend  j
R, T u r n s c r e w  b e a r i n g  on S i n  o r d e r  t o  c o m p re s s
t h e  e l e c t r o l y s i s  c e l l  c o m p o n e n t s .
S ,  P r e s s u r e  p l a t e  b e a r i n g  on e l e c t r o d e  X, i n  F i g .
T,  M a g n e t i c  b l o c k s  f o r  h o l d i n g  c e l l  a s s e m b l y  t o
t h e  c e l l  c u p b o a r d  f l o o r .

FIGURE 3
" E x p l o d e d "  v i e w  o f  c e l l  s h o w in g  t h e  c o m p o n e n t s .
Legend  :
C, P i o n t e l l i  c a p i l l a r y .
D, G r o u n d - g l a s s  j o i n t s .
E,  S l i d i n g  j o i n t .
G, CulC uS( \  r e f e r e n c e  c e l l .
H, R e f e r e n c e  e l e c t r o d e s  -
Cu,  f o r  CulGuSO^; P t ,  f o r  Cu2+/ C u + e q u i l i b r i a .  
K, O p en in g  f o r  c o n t a c t  t h e r m o m e t e r ,
L,  O p en in g  f o r  c o o l i n g  c o i l  a n d  v i b r a t o r  d i s c .
X, P l a t i n u m  r e p r o d u c i b l e  s u b s t r a t e .
Y, P l a t i n u m  g a u z e  e l e c t r o d e .

FIGURE k
E l e c t r o l y s i s  c e l l  c o m p l e t e l y  a s s e m b l e d  an d  c o n n e c t e d  t o  
t h e  a u x i l i a r y  e q u i p m e n t  -  r e a d y  f o r  u s e .
L ege nd  : . . .
U, H e a t i n g  j a c k e t  am m e te r .
V, V i b r a x  a g i t a t o r .
F ? T e l e s c o p i c  c l am p  f o r  h o l d i n g  c a p i l l a r y .
K, C o n t a c t  t h e r m o m e t e r .
W, H e a t i n g  j a c k e t  c u r r e n t  s u p p l y  l e a d s .
Z,  C o o l i n g - w a t e r  p i p e s  c o n n e c t e d  t o  e l e c t r o l y s i s  c e l l
c o o l i n g  c o i l .
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3 ° C / m i n u t e  a n d  c o n t r o l  t o  +_ 0 . 2 ° C  a t  an y  t e m p e r a t u r e  b e t w e e n  
25 an d  60°C w a s ' e s s e n t i a l *  The m os t  e f f e c t i v e  c o n t r o l  was p r o ­
v i d e d  by  a n  im m ersed  t h i n - w a l l e d  g l a s s  c o o l i n g  c o i l  t h r o u g h  
w h ic h  c o u l d  be c i r c u l a t e d  w a t e r  whose t e m p e r a t u r e  was c o n t r o l l e d  
a t  2°C b e l o w  t h a t  o f  t h e  e x p e r i m e n t a l  t e m p e r a t u r e .  A r e m o v a b l e  
h e a t i n g  j a c k e t  o f  v e r y  low  t h e r m a l  c a p a c i t y  was f i t t e d  a r o u n d  
t h e  o u t s i d e  o f  t h e  c e l l ,  E i t h e r  t h e  c o o l i n g  c o i l  o r  t h e  h e a t i n g  
j a c k e t  was b r o u g h t  i n t o  o p e r a t i o n  by means o f  t h e  im m ersed  
c o n t a c t  t h e r m o m e t e r  ( K i n  F i g .  5 ) »  w h ic h  o p e r a t e d  a  m a s t e r  
a n d  a  s l a v e  r e l a y .  The c o n t r o l l i n g  e l e c t r i c a l  c i r c u i t s  an d  
c o o l i n g  w a t e r  t h e r m o s t a t  a r e  shown i n  F i g .  6 .
A g i t a t i o n
The e f f i c i e n c y  o f  d i f f e r e n t  fo rm s  o f  a g i t a t i o n  i n  
c o n j u n c t i o n  w i t h  c e l l  g e o m e t r y  was i n i t i a l l y  s t u d i e d  u s i n g  
P e r s p e x  pow der  i n  w a t e r .  C o n s e q u e n t l y  s o l u t i o n  v i b r a t i o n  was 
c h o s e n  a n d  t h i s  was p r o v i d e d  by  a V ib r o m i x  ( S han d o n  L t d . ,
Model  E l ) .  T h i s  u n i t  v i b r a t e d  a  h o r i z o n t a l  g l a s s  d i s c ( p o s s ­
e s s i n g  p e r f o r a t i o n s  t a p e r i n g  t o w a r d s  t h e  b o t t o m ) a t  100  t i m e s  a  
s e c o n d .  The a m p l i t u d e  o f  v i b r a t i o n  c o u l d  be v a r i e d  a s  r e q u i r e d .
R e f e r e n c e  E l e c t r o d e  a n d  C a p i l l a r y
The e l e c t r o d e  f o r  t h e  H a r i n g  h a l f  c e l l  c o n s i s t e d  o f  
a  p l a t i n u m  w i r e  p l a t e d  w i t h  c o p p e r  u n d e r  c o n d i t i o n s  f a v o u r a b l e  
f o r  t h e  g r o w t h  o f  ( i l l )  faces**5 . E q u a l l y  s t a b l e  e l e c t r o d e s  
w ere  o c c a s i o n a l l y  u s e d  made f ro m  a n n e a l e d  c o p p e r  w i r e  p r e ­
a g e d  i n  a c i d  c o p p e r  s u l p h a t e  s o l u t i o n .  D i f f u s i o n  o f  e l e c t r o ­
l y s i s  c e l l  s o l u t i o n  i n t o  t h e  r e f e r e n c e  c e l l  was s u p p r e s s e d  by 
m a i n t a i n i n g  a  s u i t a b l e  s m a l l  h y d r o s t a t i c  p r e s s u r e .
The c a p i l l a r y  was made i n  a c c o r d a n c e  w i t h  p r e v i o u s  
d a t a 139 b u t  t h e  p l a t i n u m  f o i l ,  f o r  p r o v i d i n g  t h e  l a t e r a l  o p e n ­
i n g ,  was b e s t  d i s s o l v e d  o u t  o f  t h e  g l a s s  i n  b o i l i n g  h y d r o -
FIGURE 5
D ia g ra m  o f  c e l l  f o r  m e a s u r i n g  o v e r p o t e n t i a l s .  
L ege nd  *
X, P l a t i n u m  r e p r o d u c i b l e  s u b s t r a t e .
B, Gas i n l e t .
c , P i o n t e l l i  c a p i l l a r y .
D, G round  g l a s s  j o i n t .
E, S l i d i n g  j o i n t .
F , T e l e s c o p i c  c l a m p .
CulCuSC\ r e f e r e n c e  c e l l .
H, E l e c t r o d e  c o n t a c t .
Y, P l a t i n u m  g a u z e  e l e c t r o d e .
K, C o n t a c t  t h e r m o m e t e r .
Li C o o l i n g - w a t e r  o u t l e t .
M, V i b r a t o r  s h a f t  a n d  d i s c *
N, C o o l i n g - w a t e r  i n l e t .
o , 50  w a t t ,  2h  V o l t ,  h e a t e r  j a c k e t .
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FIGURE 6
E l e c t r o l y s i s  c e l l  t e m p e r a t u r e - c o n t r o l  u n i t .
L ege nd  :
1 ,  Pump f o r  c i r c u l a t i n g  c o o l i n g - w a t e r .
2 ,  C o o l i n g - w a t e r  s t o r e d  i n  t h e r m o s t a t  t a n k .
3 ,  - T h e r m o s t a t  f o r  c o o l i n g - w a t e r .
H e a t e r ,  300  w a t t s ,  f o r  c o o l i n g - w a t e r .
3 ,  T a p - w a t e r  p i p e  f o r  c o o l i n g  w a t e r  i n  2 .
6 , R e l a y ,  e n e r g i s e d  by c o n t a c t  t h e r m o m e t e r  (K, i n  
F i g . 5 ) i  f o r  c o n t r o l l i n g  t h e  s w i t c h i n g  o f  c u r r e n t  
f o r  h e a t i n g  j a c k e t  (0 , i n  F i g . 3 )  an d  f o r  p u m p ( l , 
a b o v e ) .
7 ,  30  V, d . c .  pow er  s u p p l y  f o r  c u r r e n t  r e q u i r e d  i n  
h e a t i n g  j a c k e t  a n d  pump c i r c u i t s  m e n t i o n e d  i n
6 , a b o v e .
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c h l o r i c  a c i d  c o n t a i n i n g  a  s m a l l  amount o f  n i t r i c  a c i d .  The s m a l l  
c a p i l l a r y  o p e n i n g  r e q u i r e d  t h a t  t h e  t u b e  was f i l l e d  u n d e r  p r e s s ­
u r e .
The c a p i l l a r y  a n d  h a l f  c e l l  a s s e m b l y  c o u l d  be  c l a m p e d  
by a  t e l e s c o p i c  arm on w h ich  was l o c a t e d  a  l o c k i n g  r i n g .  The 
p o s i t i o n  o f  t h i s  r i n g  f a c i l i t a t e d  t h e  m e a s u r e m e n t  o f  o v e r p o t e n t ­
i a l  a t  p r e c i s e  d i s t a n c e s  f rom  t h e  c a t h o d e  s u r f a c e .  I n  c a s e s  
w here  r\ was m e a s u r e d  e x c e s s i v e  p r e s s u r e  a t  t h e  c a p i l l a r y  t i pcl
was a v o i d e d , a n d  s u f f i c i e n t  t i m e  a l l o w e d  f o r  t h e  s y s t e m  t o  become 
s t e a d y , s i n c e  i t  h a s  b e e n  shown t h a t  a  s t r a i n e d  c o p p e r  c a t h o d e  
c a n  e x h i b i t  a n  u n s t e a d y  e l e c t r o d e  p o t e n t i a l 251 , The c r o s s - s e c t ­
i o n a l  a r e a  o f  t h e  c a p i l l a r y  was s o  s m a l l  t h a t  no m e a s u r a b l e  
i n c r e a s e  i n  c a t h o d e  c u r r e n t  d e n s i t y  o c c u r r e d  when t h e  t i p  was 
moved up  t o  t h e  c a t h o d e  s u r f a c e .
The r e p r o d u c i b l e  b e h a v i o u r  o f  t h e  e l e c t r o d e  was a d ­
v e r s e l y  a f f e c t e d  by  t h e  f o r m a t i o n  o f  c u p r o u s  o x i d e ^ i n  w e a k l y  
1 1 75 1 76
a c i d  s o l u t i o n s  w h ic h  was. p h o t o s e n s i t i v e .  T h i s  e f f e c t
h a s  b e e n  o b s e r v e d  p r e v i o u s l y  f o r  a e r a t e d  s o l u t i o n s  o f  o t h e r  
c o p p e r  s a l t s 170 171 172 175 w here  l i g h t  c o u l d  p r o d u c e  a  more 
n o b l e  p o t e n t i a l  due t o  p h o t o e l e c t r i c  e m i s s i o n  o f  e l e c t r o n s 1 6 9 . 
U l t r a - v i o l e t  l i g h t  c o u l d  i n d u c e  a  p o t e n t i a l  c h a n g e  a s  h i g h  a s  
5 m i l l i v o l t s .  C o n s e q u e n t l y  s t u d i e s  w ere  r e s t r i c t e d  t o  e l e c t r o ­
l y t e s  h a v i n g  a  pH l e s s  t h a n  3 .
Owing t o  c o n s t r u c t i o n a l  d i f f i c u l t i e s  no s e p a r a t e  
t e m p e r a t u r e  c o n t r o l  was p r o v i d e d  f o r  t h e  r e f e r e n c e  c e l l  an d  
a c c o r d i n g l y  t h e  e q u i l i b r i u m  p o t e n t i a l  was n o t e d  a f t e r  e a c h  
m e a su re m e n t  o f  o v e r p o t e n t i a l .
Main  E l e c t r o d e s  X a n d  X
T h e i r  n a t u r e  an d  c o n s t r u c t i o n  d e p e n d e d  on t h e  t y p e  
o f  e x p e r i m e n t : -
a ) .  R e p r o d u c i b l e  s u b s t r a t e  me thod  -  f o r  t h e  m a j o r i t y  o f  t h e
f
t
w ork  X was a  s h e e t  o f  f u l l y  h a r d  p l a t i n u m  ( V .P .N ,  120  , 99 .99% 
p u r i t y  ) m e a s u r i n g  2*5 x 2*5 X 0 . 0 0 3  cm. The s u r f a c e  was p o l  
i s h e d  f i n a l l y  w i t h  0,25 m i c r o n  d ia m ond  p a s t e ,  f o l l o w e d  by  l i g h t  
e t c h i n g  i n  h o t  a q u a  r e g i a  t o  r e v e a l  t h e  g r a i n  s t r u t u r e .  I n  t h e  
f i n a l  s t u d i e s  0*01 cm t h i c k  s h e e t  was u s e d  w h ic h  was f u l l y  
a n n e a l e d  a f t e r  p o l i s h i n g  and  bhen e t c h e d  a s  a b o v e .
F o r  e a c h  e x p e r i m e n t  t h e  pla t inum s u r f a c e  was c l e a n e d  
e i t h e r  by  s o a k i n g  i n  t h e  a c i d  c l e a n i n g  m i x t u r e  s t a t e d  p r e v i o u s ­
l y ,  o r  by a n o d i c  t r e a t m e n t  i n  d i l u t e  s u l p h u r i c  a c i d *  The 
m ethod  o f  f l a m e - c l e a n i n g  w i t h  a l c o h o l  l e d  t o  d e p o l a r i s a t i o n  
a n d  t h i s  e f f e c t  h a s  b e e n  o b s e r v e d  i n  some o t h e r  e l e c t r o d e  r e ­
a c t i o n s 2 3 0 . A l t h o u g h  a n o d i c  c l e a n i n g  was v e r y  r a p i d  i t s  r e p e a t e d  
u s e  c o u l d  h a v e  h a v e  l e d  t o  d e t e r i o r a t i o n  o f  t h e  r e p r o d u c i b l e  
s u r f a c e 1 7 7 .
E l e c t r o d e  Y was c u t  f ro m  f i n e  mesh p l a t i n u m  g a u z e  
p o s s e s s i n g  a  c e n t r a l  h o l e  t o  a l l o w  movement o f  t h e  c a p i l l a r y  
t u b e ,  an d  a l s o  f r e e  c i r c u l a t i o n  o f  t h e  e l e c t r o l y t e  on b o t h  
s i d e s .  The e l e c t r o d e  was s t r i p p e d  o f  c o p p e r  a n d  f r e s h l y  p l a t e d  
i n  a  p u r i f i e d  p l a t i n g  s o l u t i o n  p r i o r  t o  e a c h  e x p e r i m e n t ,  w h ic h  
a v o i d e d  t h e  p o s s i b i l i t y  o f  c o n t a m i n a t i n g  a n  e l e c t r o l y t e  w i t h  im ­
p u r i t i e s  f rom  p r e v i o u s  e x p e r i m e n t s .
The a s s e m b l y  o f  e l e c t r o d e s  X an d  Y i s  shown i n  F i g .5 
an d  X, when c l a m p e d ,  a c t e d  a s  i t s  own g a s k e t  p r e s e n t i n g  a n  
a r e a  o f  10 cm2 t o  t h e  e l e c t r o l y t e ,  A l o c a t i n g  s t u d  on t h e  p r e s s  
e n s u r e d  t h a t  t h e  p o s i t i o n  o f  X c o u l d  be  e x a c t l y  r e p r o d u c e d ,
b ) ,  S . S . D . ,  m e thod  an d  c r y s t a l  g r o w t h  s t u d i e s  -  e l e c t r o d e
X was c u t  f rom  A.R .  c o p p e r  f o i l  ( f u l l y  a n n e a l e d ,  b r i g h t  ) an d  
m e a s u r e d  2 , 5  x  2 . 5  x 0.00*+ cm. I t  was t h e n  d e g r e a s e d  w i t h  
a c e t o n e ,  l i g h t l y  e t c h e d  i n  20% n i t r i c  a c i d  t o  r e v e a l  t h e  g r a i n  
s t r u c t u r e  ( s e e  F i g .  7 . a n d  r i n s e d  i n  t h e  s t a n d a r d  way b e ­
f o r e  i t s  a s s e m b l y  i n  t h e  c e l l .  E l e c t r o d e  Y h a s  b e e n  d e s c r i b e d  
a b o v e .
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FIGURE 7
Surface appearance of the polycrystalline copper substrate, 
after light etching, as . used in S.S.D. and crystal growth 
studies.
Magnification, xl,000.
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I n  o r d e r  t o  m i n i m i s  t h e  p o s s i b i l i t y  o f  a n o d i c  o x i ­
d a t i o n  o f  a d d i t i o n  a g e n t s  t h e  a n o d e  c o u l d  be  s e p a r a t e d  f ro m  
t h e  e l e c t r o l y s i s  c e l l  t h r o u g h  a n  S - s h a p e d  s i d e  t u b e  p o s s e s s ­
i n g  a  p o r o s i t y  5 s i n t e r e d  g l a s s  d i s c .
D u r i n g  a l l  e x p e r i m e n t s  e l e c t r i c a l  c o n n e c t i o n s  t o  
X, Y a n d  t h e  r e f e r e n c e  c e l l  w e re  k e p t  d r y  t h u s  a v o i d i n g  
s p u r i o u s  p o t e n t i a l s  t h a t  c o u l d  a r i s e  a t  d i s s i m i l a r  m e t a l  
j u n c t i o n s .
E l e c t r o l y t e  C o m p o s i t i o n
A w ide  r a n g e  o f  c o m p o s i t i o n  was c o v e r e d  i n  o r d e r  
t o  f i n d  t h e  l i m i t s  o f  e x p e r i m e n t a l  r e p r o d u c i b i l i t y  a n d  b e ­
h a v i o u r .  H ow ever ,  a  c o n s i d e r a b l e  p o r t i o n  o f  e x p e r i m e n t s  
i n v o l v i n g  t h e  e f f e c t s  o f  i m p u r i t i e s  was c a r r i e d  o u t  w i t h  
0 . 5  M CuSO^ +• 0 , 5  M H2 SO^ s o l u t i o n s  s i n c e  i t  h a s  b e e n  e s ­
t a b l i s h e d  t h a t  t h i s  c o n c e n t r a t i o n  p o s s e s s e s  t h e  g r e a t e s t  
r e p r o d u c i b i l i t y 9 0 .
E l e c t r o l y t e  P r e p a r a t i o n  an d  P u r i f i c a t i o n
The c r i t e r i a  o f  p u r i t y  t h a t  h a v e  b e e n  a d o p t e d  a r e  
r e l a t e d  t o  r e p r o d u e i b i l t y  and  v a l u e  o f  r\ u n d e r  s t a n d a r dcl
c o n d i t i o n s ,  and a l s o  t h e  r e p r o d u c i b i l i t y  o f  d e p o s i t  s t r u c t ­
u r e ,  The p u r i f i c a t i o n  method d e s c r i b e d  b e lo w  was e s t a b l i s h e d  
f o r  0 . 5  M CuSOi, + 0 . 5  M H2 SO  ^ w h e r e , a t  2 A/dm2 an d  2 5 °C,
^ a  was ^  ~  ^ m^ * ^ e c o r r e s p o n d i n g  d e p o s i t  s t r u c t u r e s  f o r  
p u r i f i e d  a n d  u n p u r i f i e d  s o l u t i o n s  a r e  shown i n  F i g s .  8 , 9 .
a ) .  P u r i f i c a t i o n .
The e l e c t r o l y t e  was p r e p a r e d  f ro m  A .R .  c h e m i c a l s  
( u n l e s s  o t h e r w i s e  s t a t e d  u n d e r  " R e s u l t s ” ) an d  f r e s h l y  d i s ­
t i l l e d  w a t e r  p r e p a r e d  i n  a n  a l l - g l a s s  s t i l l .  W a te r  p r e p a r e d  
b y  i o n - e x c h a n g e  was f o u n d  t o  be u n s u i t a b l e  ow ing  t o  t r a c e s  o f  
o r g a n i c  c o n t a m i n a n t s 1 8 7 . The s o l u t i o n  ( e . g .  a  1 l i t r e  b a t c h )
FIGURE 8
Appearance of a copper electrodeposit, typical of those plated 
from solutions purified with active .carbon and hydrogen 
peroxide.
Magnification, xl,5 0 0.
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FIGURE 9
A p p e a r a n c e  o f  a  c o p p e r  e l e c t r o d e p o s i t ,  t y p i c a l  o f  t h o s e  
p l a t e d  f rom u n p u r i f i e d  s o l u t i o n s  c o n t a i n i n g  d e p o l a r i s i n g  
i m p u r i t i e s  ( o t h e r  t h a n  c h l o r i d e  i o n s ) .
M a g n i f i c a t i o n ,  x l , 5 0 0
5 2
was t h e n  b o i l e d  and  a p p r o x i m a t e l y  3 ml ° f  w a t e r ,  t o g e t h e r  w i t h  
a n y  v o l a t i l e  i m p u r i t i e s ,  were  a l l o w e d  t o  e v a p o r a t e *  2 ml o f  
100 v o l .  h y d r o g e n  p e r o x i d e  ( M .A .R . )  were  a d d e d  s l o w l y  a n d  
b o i l i n g  c o n t i n u e d  u n d e r  r e f l u x  f o r  10 f u r t h e r  m i n u t e s  a f t e r  
t h e  c e s s a t i o n  o f  oxygen  e v o l u t i o n .  The t i m e  o f  r e f l u x i n g  was o f t e n  
a s  l o n g  a s  30 m in .  d e s p i t e  t h e  f a c t  t h a t  Cu2 + i o n s  c a n  s t i m ­
u l a t e  t h e  r a p i d  d e c o m p o s i t i o n  o f  h y d r o g e n  p e r o x i d e 1 8 8 . A f u r t h e r  
3 ml o f  w a t e r  w ere  e v a p o r a t e d  a n d  2.5 g  o f  a c t i v e  c a r b o n  w ere  
s l o w l y  a d d e d  f o l l o w e d  by f u r t h e r  r e f l u x i n g  f o r  20 m i n ,  R e f l u x ­
i n g  was s t o p p e d  a n d  a f t e r  t h e  c a r b o n  h a d  s e t t l e d  t h e  s o l u t i o n  
was f i l t e r e d  t h r o u g h  e i t h e r  a  g l a s s  f i b r e  mat ( Whatman ) . o r  
t h r o u g h  a  p o r o s i t y  s i n t e r e d  P y r e x  B u c h n e r  f i l t e r .  A p o r o s ­
i t y  5 B u c h n e r  f i l t e r  was u s e d  f o r  c e r t a i n  b a c t e r i a l  g r o w t h  
c o n t r o l  s t u d i e s .
I n  a l l  c a s e s  t h e  f i l t e r s ,  c o l l e c t i o n ,  a n d  s t o r a g e  
v e s s e l s  w ere  c l e a n e d  an d  r i n s e d  i n  t h e  s t a n d a r d  way.
b ) .  S t o r a g e .
A l t h o u g h  t h e  g r o w th  o f  a l g a e  a n d  f u n g i  i n  c o p p e r  
s u l p h a t e  s o l u t i o n s  h a s  b e e n  r e p o r t e d  b e f o r e , t h e  g r o w th  o f  
b a c t e r i a  h a s  n o t  b e e n  o b s e r v e d 2 9 8 . H ow ever ,  t h e  p r e s e n t  w ork  
showed t h a t  b a c t e r i a  c o u l d  grow e v e n  i n  s t r o n g l y  a c i d  s o l u t i o n s  
( s e e  F i g s *  1 0 ,  1 1 ) ,  w h ich  s u p p o r t e d  t h e  p r e d i c t i o n  made 
t h a t  b a c t e r i a l  g r o w th  m i g h t  be  p a r t i a l l y  r e s p o n s i b l e  f o r  i r -  
r e p r o d u c i b i l i t y .  A c c o r d i n g l y ,  t o  p r e v e n t  t h e  g r o w th  o f  
s p u r i o u s  m i c r o - o r g a n i s m s ,  t h e  p r e p a r a t i o n  a n d  h a n d l i n g  o f  
p u r i f i e d  s o l u t i o n s  n e c e s s i t a t e d  s p e c i a l  c a r e C o l l e c t i o n  
f l a s k s  w ere  c o m p l e t e l y  f i l l e d ,  . f i t t e d  w i t h  g l a s s  s t o p p e r s  
and  c o v e r e d  w i t h  p o l y t h e n e  c a p s .  The c o n t e n t s  o f  a n y  p a r t i a l l y  
f i l l e d  f l a s k s  were  u s e d  o n l y  w i t h i n  two weeks  o f  t h e i r  p r e p ­
a r a t i o n  -  nam e ly  b e f o r e  t h e  end  o f  t h e  i n d u c t i o n  p e r i o d  f o r  
b a c t e r i a l  g r o w t h .
I n  g e n e r a l ,  b a c t e r i a l  g r o w th  was f o u n d  t o  p r o d u c e  
s i g n i f i c a n t  d e p o l a r i s a t i o n  and  h e t e r o g e n e i t y  o f  d e p o s i t  s t r u c t -
FIGURE 10
Colony of bacteria growing on the surface of a plating solution 
(0.5M CuSO^+O.^M H2S0^  ).
Magnification, xl.5.
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FIGURE 11
Rod-type, Gram positive bacteria, typical of that isolated 
from various plating solutions.
Magnification, x5,000.
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u r e s
c ) .  G e n e r a l  O b s e r v a t i o n s ,
The pH o f  w e a k l y  a c i d  e l e c t r o l y t e s  was f o u n d  t o  v a r y  
f rom  b a t c h  t o  b a t c h .  The h y d r o n iu m  i o n  c o n c e n t r a t i o n  c o u l d  
h a v e  b e e n  i n c r e a s e d  due •to the '  p r e s e n c e  c£ these i o n s  ' i n  t h e  a c t i v e  
c a r b o n  o r  t h e  h y d r o g e n  p e r o x i d e .  C o n v e r s e l y  t h e  pH c o u l d  be 
r a i s e d  by  t h e  r e a c t i o n  b e t w e e n  a  b a s i c  c o p p e r  s u l p h a t e , f o rm e d  
t h r o u g h  r e a c t i o n  A”* 89 , w i t h  an y  s u l p h u r i c  a c i d  p r e s e n t  a s  shown 
i n  r e a c t i o n  B j -
A Cu2 S0U *  H2 0 + 02  > Cu ( OH )2 . CuS(\
B Cu ( OH )2 . CuS04 >+ H2 SO* ----^  CuSO* .
F o r m a t i o n  o f  t h e  t o u r q u o i s e  b a s i c  s u l p h a t e  c o u l d  be m i n i m i s e d  
by  r e d u c i n g  t h e  r e f l u x i n g  t i m e  b u t  i t  was f o u n d  p r e f e r a b l e  t o  
a d j u s t  t h e  pH a f t e r  p u r i f i c a t i o n  w i t h  p u r e  r e a g e n t s .
Preparation of Super-pure Electrolytesi
L a t e r  e x p e r i m e n t a l  w o r k , w h i c h  i n v o l v e d  a  s t u d y  o f
t h e  e f f e c t s  o f  t r a c e s  o f  c h l o r i d e  i o n s  on ri , i n d i c a t e da  7
t h a u  w h i l s t  t h e  ab o v e  m e thod  o f  p u r i f i c a t i o n  gave  v e r y  good  
r e p r o d u c i b i l i t y  a n d  s t a b i l i t y  s u f f i c i e n t  c h l o r i d e  i o n s  
c o u l d  r e m a i n .  The s t a b i l i t y  o f  s o l u t i o n s  c o u l d  i n d e e d  be a t t r i b ­
u t e d  t o  t h e  p r e s e n c e  o f  t r a c e s  o f  c h l o r i d e  i o n s .  Two d i f f e r e n t  
m e thods  were  f o u n d  t o  p r o d u c e  s u p e r - p u r e  a c i d  c o p p e r  s u l p h a t e  
s o l u t i o n s  ( p u r e  w i t h  r e s p e c t  t o  c h l o r i d e  i o n s  i n  p a r t i c u l a r ) ,
a ) .  S i l v e r  d i s p l a c e m e n t  r e a c t i o n 191 ,
The f o l l o w i n g  e q u a t i o n  r e p r e s e n t s  t h e  p r o d u c t i o n  o f  
a  s o l u t i o n  o f  a n y  g i v e n  c o m p o s i t i o n
Ag2SO* + Cu + H2 0 + H2 SO* = CuSO* + H2 SO* + H2 0 + 2AgJ^
The s u l p h u r i c  a c i d  was r e d i s t i l l e d  g r a d e  a n d  t h e  w a t e r  was 
f r e s h l y  d i s t i l l e d .  The s i l v e r  s u l p h a t e  was p r e p a r e d  by  r e a c t i n g  
r e d i s t i l l e d  s u l p h u r i c  a c i d  w i t h  s i l v e r  f o i l  ( 99, 999% p u r i t y ) .  
S p e c t r o g r a p h i c a l l y  s t a n d a r d i s e d ,  A , R . , o r  e l e c t r o l y t i c  g r a d e s
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o f  c o p p e r  gave  s i m i l a r  r e s u l t s  and  i t  was d e c i d e d  t o  s t a n d a r d -  
p r o c e d u r e  by u s i n g . A , R ,  g r a d e .
The r e q u i r e d  am o u n ts  o f  c h e m i c a l s  w ere  a d d e d  t o  a 
f l a s k  c l e a n e d  i n  t h e  s t a n d a r d  way a n d  t h e  d i s p l a c e m e n t  a c c e l ­
e r a t e d  by b o i l i n g .  D e s p i t e  t h e  low s o l u b i l i t y  o f  s i l v e r  s u l ­
p h a t e  t h e  r e a c t i o n  was v i r t u a l l y  c o m p l e t e  w i t h i n  a  m i n u t e  b u t  
any  e x c e s s  s i l v e r  i o n s ,  r e l a t e d  t o  t h e  e q u i l i b r i u m  r a t i o 1 92
a Cu2 +
w ere  rem oved  by a d d i n g  a n  e x c e s s  o f  c l e a n  b r i g h t  c o p p e r  f o i l  
t o  t h e  f i l t e r e d  s o l u t i o n .  T h i s  f i n a l  e q u i l i b r a t i o n  t o o k  a b o u t  
2.k h o u r s  t o  c o m p l e t e  a n d  t h e  s o l u t i o n  was t h e n  s u i t a b l e  f o r  
u s e .  The r e m o v a l  o f  s i l v e r  i o n s  c o u l d  be h a s t e n e d  by p r e ­
e l e c t r o l y s i s  a t  low  c u r r e n t  d e n s i t y ,
b ) .  C o p p e r  o x i d e  a s  t h e  s o u r c e  o f  c o p p e r .
The f o l l o w i n g  e q u a t io n s  r e p r e s e n t  t h e  r e a c t i o n s
CuO + H2SC\ = CuSC\ + H2 0
Cu2 0 + H2S04 = CuS(\ + H2 0 + C u ^
The c o p p e r  o x i d e  was p r e p a r e d  by o x i d i s i n g  A ,R ,  c o p p e r  f o i l  i n  
p u r e  oxygen  f o r  s e v e r a l  h o u r s , . a n d  c o n s i s t e d  o f  a  m i x t u r e  o f  
c u p r i c  an d  c u p r o u s  o x i d e s  w h ich  was a n a l y s e d  t o  f i n d  t h e  p r o ­
p o r t i o n s ,  The c o r r e c t  w e i g h t  o f  c o p p e r  o x i d e  was r e a c t e d  w i t h
t h e  c a l c u l a t e d  volume o f  r e d i s t i l l e d  s u l p h u r i c  a c i d  a n d  d i s ­
t i l l e d  w a t e r  t o  g i v e  a  f i n a l  s o l u t i o n  o f  t h e  r e q u i r e d  com pos­
i t i o n ,  The r e a c t i o n s  w ere  c o m p l e t e  a f t e r  b o i l i n g  f o r  two m in ­
u t e s ,  The s o l u t i o n  was r e a d y  f o r  u s e  a f t e r  s e p a r a t i o n  o f  t h e  
c o p p e r  w h ich  p r e c i p i t a t e d  a s  a  s p o n g e .
P a r t i c u l a r  c a r e  was e x e r c i s e d  i n  h a n d l i n g  t h e  s u p e r -  
p u r e  s o l u t i o n s  on a c c o u n t  o f  t h e i r  e x t r e m e  s e n s i t i v i t y  t o ,  f o r  
e x a m p l e ,  t r a c e s  o f  c h l o r i d e  i o n s  a r i s i n g  f ro m  t a p  w a * e r ,  h y d ro '  
c h l o r i c  a c i d  fumes  an d  s o  f o r t h .
Curren t Supply and Measurement
a ) .  Power  S u p p l y .
G a l v a n o s t a t i c  c o n d i t i o n s  were  a c h i e v e d  by  u s i n g  a  
h i g h  v o l t a g e  d . c .  s o u r c e  w i t h  r e s i s t a n c e s  i n  s e r i e s 1 7 8 . The 
l a r g e  c u r r e n t s  r e q u i r e d  ( up  t o  1 A ) were  d e r i v e d  f ro m  a 
s t a b i l i s e d  2*f0Va»C; s u p p l y  w h ich  was t r a n s f o r m e d  a n d  r e c t i ­
f i e d  t o  l^fO V d . c .  The d , c .  o u t p u t  was s m o o th e d  ( r i p p l e  was
0 . 2%, 110 c . p . s .  on f u l l  l o a d  ) s i n c e  s u p e r i m p o s e d  a . c .  c a n  
l o w e r  t h e  g r a i n  s i z e  an d  s t r e s s  o f  t h e  d e p o s i t179 ( s e e  F i g s ,  1 2 ,
b ) .  M eas u rem e n t  o f  V o l t a g e  an d  C u r r e n t .
V o l t a g e s  up t o  2 -  A p o t e n t i o m e t e r  ( T i n s l e y ,  3387B)
was u s e d  i n  c o n j u n c t i o n  w i t h  a  g a l v a n o m e t e r  ( T i n s l e y ,  SS 2 ^ 3 ,  
1^0 ohms,  160 mm/ m ic r o a m p e r e  ) .
D i r e c t  r e a d i n g  o f  v o l t a g e s  up  t o  1 -  An e l e c t r o m e t e r  
was u s e d  ( E . I . L .  , V i b r o n ,  e r r o r  +■ 0.3% ) .
D i r e c t  r e c o r d i n g  o f  v o l t a g e s  up  t o  30  -  A p o t e n t i o -  
m e t r i c  r e c o r d e r  was u s e d  ( E t h e r  L t d . , X a c t r o l , e r r o r  +_ 0 .1% ) .  
F o r  e x t e r n a l  c i r c u i t s  o f  h i g h  r e s i s t a n c e  t h e  e l e c t r o m e t e r  was 
em p loyed  a s  a  p r e - a m p l i f i e r  f o r  t h e  X a c t r o l  r e c o r d e r .
C u r r e n t  was m e a s u r e d  w i t h  a  m u l t i r a n g e  p r e c i s i o n  
g r a d e  am m ete r  ( Sangamo W e s to n ,  S 82 ) .
c ) .  C o n t r o l  o f  E l e c t r o l y s i s  C u r r e n t .
S . S . D .  Method -  H ere  t h e  c a t h o d e  p o t e n t i a l  was 
a l l o w e d  t o  r e a c h  a  s t e a d y  v a l u e  a t  a  g i v e n  c o n s t a n t  c u r r e n t  
b e f o r e  i t  was r e c o r d e d .  The v a l u e  was s t e a d y  when i t  d i d  n o t  
c h a n g e  by  more t h a n  1% /  m in .
R . S .  Method -  The s i m p l i f i e d  c i r c u i t  i s  shown i n  
B i g ,  l*f , w here  a  c a m s h a f t  o p e r a t e d  s w i t c h e s  t o  g i v e  t h e  
s e q u e n c e  -  e l e c t r o d e  X made c a t h o d i c  an d  t h e  s t e a d y  o v e r ­
p o t e n t i a l  m e a s u r e d ;  X t h e n  made a n o d i c  t o  remove a l l  d e p o s i t ­
ed  c o p p e r .
FIGURE 12
F r o n t  v i e w  o f  a p p a r a t u s  u s e d  f o r  p o l a r i s a t i o n  s t u d i e s .  
L egend  :
9 ,  E l e c t r o l y s i s  c e l l  c u p b o a r d .
1 0 ,  E l e c t r o l y s i s  c u r r e n t  am m e te r .
1 1 ,  M anual  c u r r e n t  c o n t r o l  u n i t .
1 2 ,  A u t o m a t i c  c u r r e n t  c o n t r o l  u n i t .
1 3 ,  B a c k i n g - o f f  c i r c u i t  c o n t r o l  u n i t .
2 1 ,  V i b r o n  e l e c t r o m e t e r .
2 2 ,  G a l v a n o s t a t i c  s u p p l y  u n i t .
2 6 ,  X a c t r o l  v o l t a g e  r e c o r d e r .
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FIGURE 13
R e a r  v i e w  o f  a p p a r a t u s  u s e d  f o r  p o l a r i s a t i o n  s t u d i e s .
L eg e n d  :
1 2 ,  A u t o m a t i c  c u r r e n t  c o n t r o l  u n i t .
2 1 ,  V i b r o n  e l e c t r o m e t e r .
2 2 ,  G a l v a n o s t a t i c  s u p p l y  u n i t .
2 3 ,  V o l s t a t ,  f o r  a . c ,  m a in s  i n p u t  s t a b i l i s a t i o n .
2 4 ,  W a t e r - s t i l l .
2 5 ,  Model  2 3 ,  pH m e t e r .
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R e p r o d u c i b l e  S u b s t r a t e  Method
T h i s  t e c h n i q u e  an d  some p r e l i m i n a r y  r e s u l t s  h a v e  
b e e n  d e s c r i b e d  e l s e w h e r e3 9 . S i n c e  t h e n  c e r t a i n  im p ro v e m e n t s  
h a v e  b e e n  e f f e c t e d  w h ic h  a r e  c o v e r e d  i n  t h e  f o l l o w i n g  d e s ­
c r i p t i o n .
a ) .  P r i n c i p l e ,
The r e p r o d u c i b l e  s u b s t r a t e  was p r o v i d e d  by t h e  p l a t ­
inum s u r f a c e  ( e l e c t r o d e  X ) w h ich  was a s su m ed  t o  r e m a i n  u n ­
c h a n g e d  f o r  an y  s e r i e s  o f  e x p e r i m e n t s ,  H owever ,  i t s  c o n v e r s i o n  
t o  c o p p e r ,  i n  a n  e l e c t r o c h e m i c a l  s e n s e ,  was e s s e n t i a l  i n  o r d e r  
t o  o b t a i n  r e p r o d u c i b l e  o v e r p o t e n t i a l  v a l u e s  f o r  t h e  d e p o s i t i o n  
o f  c o p p e r  on c o p p e r .  The c o n v e r s i o n  was p r o v i d e d  by  a p r e ­
fo rm e d  c o p p e r  f i l m  p r o d u c e d  u n d e r  s t a n d a r d  c o n d i t i o n s  p r i o r  t o  
e a c h  d e t e r m i n a t i o n  o f  o / e r p o t e n t i a l  a t  c o n s t a n t  c u r r e n t  d e n s i t y .  
I t  h a s  b e e n  e s t a b l i s h e d 1 80 181 t h a t
A. P l a t i n u m  c o v e r e d  w i t h  a n  a t o m i c  t h i c k n e s s  o f  
c o p p e r  b e h a v e s  e l e c t r o c h e m i c a l l y  l i k e  m a s s i v e  c o p p e r ,
B_. A c o p p e r - p l a t e d  p l a t i n u m  a n o d e  e x h i b i t s  a  r a p i d  
ch a n g e  i n  p o t e n t i a l  when t h e  p l a t i n u m  i s  e x p o s e d  ( t h i s  p r i n ­
c i p l e  h a s  b e e n  u t i l i s e d  a s  a  s e n s i t i v e  e n d - p o i n t  i n  j e t - t e s t s 1 82 
a n d  i n  a  c o u l o m e t r i c  d e v i c e1 84 ,
C_. The p o t e n t i a l  o f  p l a t i n u m  i n  o x y g e n a t e d  c o p p e r  
s u l p h a t e  s o l u t i o n  i s  n o t  a f f e c t e d  by a  c h a n g e  i n  Cu2 + c o n ­
c e n t r a t i o n 1 83 ,
I n i t i a l  e x p e r i m e n t s  s h o w e d  t h a t , ,  f o r  any  c o p p e r  s u l ­
p h a t e  s o l u t i o n ,  t h e  r a p i d  p o t e n t i a l  c h a n g e  i n  B a b o v e  was f o l l -  
ovued by  a  d e l a y  o f  a b o u t  one s e c o n d  b e f o r e  t h e  o n s e t  o f  oxygen  
e v o l u t i o n ,  an d  a l s o  by  t h e  u n i f o r m  s t r i p p i n g  o f  t h e  c o p p e r ,
b ) .  O p e r a t i o n ,
The cams 1 - 6 ,  d e t a i l e d  i n  F i g ,  1^  , w ere  c u t  f ro m  
P e r s p e x  an d  m oun ted  on a  common s h a f t  w h ich  c o u l d  be  r o t a t e d  a t  
1 r . p . m .  by  a  s e l f - s t a r t i n g  s y n c h r o n o u s  m o t o r .  The cams w ere  
p r o f i l e d  t o  g i v e  s u i t a b l e  w o r k i n g  p e r i o d s  an d  o p e r a t e d  m i c r o -
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FIGURE Ik
E l e c t r o l y s i s  c i r c u i t  ( s i m p l i f i e d ) .
Legend  :
A, Smoothed  d . c .  power  u n i t .
B, S e r i e s  r e s i s t o r s .
C, O v e r p o t e n t i a l  m e a s u r i n g  d e v i c e  c o n n e c t i o n s .
D, E l e c t r o l y s i s  c e l l .
X an d  I ,  Main  e l e c t r o d e s  o f  e l e c t r o l y s i s  c e l l .
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s w i t c h e s  c a p a b l e  o f  p a s s i n g  1 A a t  t h e  c o n t a c t s .  The f u l l  
c a m - o p e r a t e d  s w i t c h  s e q u e n c e  was
A., P l a t i n u m  s u r f a c e  p r e - f o r m e d  -  1 an d  4 c l o s e d ,
X made c a t h o d i c  a n d  Y a n o d i c ,  a l l  o t h e r  s w i t c h e s  o p e n .  E l e c t r o ­
l y s i s  t i m e  f i x e d  a t  10 s e c ,  c u r r e n t  a d j u s t a b l e  t o  r e q u i r e m e n t s .
A f t e r  p r e f o r m i n g  t h e  c a m s h a f t - m o t o r  was a u t o m a t i c a l l y  s t o p p e d ,
B. E l e c t r o p l a t e  -  5 and  6 c l o s e d  ( 6 o p e r a t e d  a n  
e l e c t r o m a g n e t i c  s e q u e n c e  c o u n t e r  ) ,  g a l v a n o s t a t i c  d e p o s i t i o n  o f  
c o p p e r  e f f e c t e d  on X and  t j  m e a s u r e d ,  a l l  o t h e r  s w i t c h e s  o p e n .
A f t e r  m e a s u re m e n t  o f  E t h e  c a m s h a f t  m o t o r  was r e s t a r t e d  man-
e q
u a l l y ,
<3. D e p l a t e  -  2 and  3 c l o s e d ,  c a m s h a f t  m o t o r  a u t o m a t ­
i c a l l y  s t o p p e d ,  a l l  o t h e r  s w i t c h e s  o p e n ,  X was made a n o d i c  an d  
Y c a t h o d i c .  At t h e  s t a g e  when a l l  t h e  c o p p e r  d e p o s i t  was r e ­
moved f ro m  X t h e  d e p l a t i n g  c u r r e n t  was a u t o m a t i c a l l y  s t o p p e d  
f o l l o w e d  by  a u t o m a t i c  r e s t a r t i n g  o f  t h e  c a m s h a f t  m o t o r ,
c ) .  C o n t r o l  C i r c u i t  f o r  D e p l a t i n g .
T h i s  i s  shown i n  F ig s .1 5 a ,b .  The c o n s t a n t  d e p l a t e  c u r r e n t  
upon  i n i t i a l  a p p l i c a t i o n  was a s s o c i a t e d  w i t h  a  s t e a d y  v o l t a g e  
a c r o s s  X and  Y. T h i s  v o l t a g e  c o u l d  be  b a c k e d  o f f  by a  s i m i l a r  
v o l t a g e  s u p p l i e d  by u n i t s  F an d  G s o  t h a t  t h e r e  w ou ld  be  no n e t  
c u r r e n t  f l o w  t h r o u g h  D, t h u s  m a i n t a i n i n g  c o n t a c t s  B a n d  C o f  
r e l a y  A a p a r t .  The b a c k i n g  o f f  u n i t  i s  shown i n  F i g .  15b .
When X e x h i b i t e d  t h e  p o t e n t i a l  r i s e  p r i o r  t o  o x y g e n  
e v o l u t i o n  t h e  v o l t a g e  a c r o s s  X an d  Y a l s o  r o s e  an d  t h u s  e n e r g i s e d  
t h e  r e l a y  A, C o n t a c t s  B an d  C c l o s e d  w h ich  t h e n  e n e r g i s e d  t h e  
p o l a r i s e d  r e l a y  H t o  c l o s e  t h e  c o n t a c t s  a t  K. The c o n t a c t s  a t  M 
o p e n e d  s o  t h a t  t h e  d e p l a t i n g  c u r r e n t  was c u t  o f f .  S u b s i d i a r y  
c o n t a c t s  o f  t h e  s l a v e  r e l a y  L c l o s e d  t o  r e s t a r t  t h e  c a m s h a f t  
m o t o r .  R e l a y  L was r e - e n e r g i s e d  t o  c l o s e  t h e  d e p l a t e  c i r c u i t  a t  
t h e  s t a r t  o f  t h e  n e x t  p r e f o r m  s t a g e  when t h e  a p p l i e d  p r e f o r m  
e . m . f ,  o p e n e d  t h e  c o n t a c t s  K by  e n e r g i s i n g  c o i l  N.
Once t h e  h e l i p o t  F was s e t  an d  l o c k e d  no f u r t h e r  a d ­
j u s t m e n t  was n e c e s s a r y  f o r  t h e  same d e p l a t e  c u r r e n t .
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FIGURE 15AI- 4 -  r -  r
C on t ro l  c i r c u i t  f o r  d e p l a t i n g .
Legend :
X,Y, Main e l e c t r o d e s  o f  e l e c t r o l y s i s  c e l l .
A, H i g h l y  s e n s i t i v e  m o v i n g - c o i l  r e l a y  ( 2 0 ,  F i * . 1 5 B )
B,C, C o n t a c t s  o f  r e l a y  A»
D, B a c k i n g - o f f  c i r c u i t  g a l v a n o m e t e r .
E,  C a m sh a f t  s w i t c h .
F ,  H e l i p o t ,  f o r  a d j u s t i n g  b a c k i n g - o f f  v o l t a g e .
G, 90 V o l t ,  d r y  b a t t e r y .
H, P o l a r i s e d  r e l a y .
N , 0 ,  To d e p l a t e  c u r r e n t  s u p p l y .
L,  S l a v e  r e l a y .
FIGURE 15B
C o n t r o l  u n i t s  f o r  t h e  R e p r o d u c i b l e  S u b s t r a t e  M ethod ,
L egend  s
1 2 , A u t o m a t i c  c u r r e n t  c o n t r o l  u n i t .
1 3 , B a c k i n g - o f f  c i r c u i t  c o n t r o l  u n i t .
l ^ i C a m s h a f t  m o t o r .
1 3 , C a m s h a f t ,
16 , D e p l a t e  an d  p r e f o r m  am m e te r .
1 7 , S e q u e n c e  c o u n t e r  (w o rk ed  by cam 6 ,  F i g , l 4 ) ,
18 , B a c k i n g - o f f  h e l i p o t  ( F ,  F i g . l ^ A ) .
19 • B a c k i n g - o f f  g a l v a n o m e t e r  (D, F i g . l ^ A ) .
oCM H i g h l y  s e n s i t i v e  m oving  c o i l  r e l a y ,  h o u s e d  
i n  s h o c k - r e s i s t a n t  s p o n g e  (A, F i g . l 5 A ) .

d ) . F e a t u r e s  o f  t h e  M ethod ,
The s u c c e s s  o f  t h e  3R.S, me thod  i n  a c h i e v i n g  r e p r o d u c ­
i b l e  an d  s i g n i f i c a n t  t| -  i  r e l a t i o n s h i p s  d e p e n d e d  on t h e  f o l l o w -cl
i n g  t h a t : -  „
A, The p l a t i n u m  s u r f a c e  o f  X was c o m p l e t e l y  c o v e r e d  
w i t h  c o p p e r  a f t e r  p r e f o r m i n g ,
33. The s t a n d a r d  s u r f a c e  a r e a  was n o t  s i g n i f i c a n t l y  
c h a n g e d  a s  a  r e s u l t  o f  t h e  d e p o s i t i o n  o f  a  v e r y  t h i n  f i l m  o f  
c o p p e r ,
4-  4*C_. The c o n c e n t r a t i o n s  o f  Cu2 an d  Cu d i d  n o t  c h a n g e  
a s  a  r e s u l t  o f  r e p e a t e d  d e p l a t i n g  a n d  p l a t i n g ,
D. The p l a t i n u m  s u r f a c e  was n o t  d e l e t e r i o u s l y  a f f e c t e d  
by  r e p e a t e d  a n o d i c  t r e a t m e n t  i n  d e p l a t i n g  ( i t  h a s  b e e n  shown 
t h a t  s i g n i f i c a n t  o x i d a t i o n  o f  p l a t i n u m  d o e s  n o t  o c c u r  i n  t h e  
a b s e n c e  o f  oxy g en  e v o l u t i o n 1 8 5 ) , ■
E.  No o x y g e n  bubble s  w e r e  fo rm e d  a t  t h e  end  o f  t h e  
d e p l a t i n g  s t a g e  s i n c e  t h e s e  w ou ld  a d h e r e  t e n a c i o u s l y  t o  t h e  
s u r f a c e  an d  l o w e r  t h e  c a t h o d e  s u r f a c e  a r e a  f o r  t h e  f o l l o w i n g  
e l e c t r o p l a t i n g  s t a g e ,
F .  A t h i n  d e p o s i t  o f  c o p p e r  on a  p l a t i n u m  s u r f a c e
w a s  a n o d i c a l l y  rem ove d  u n i f o r m l y  an d  t h e  same amount o f
c o p p e r  d e p o s i t e d  on Y,
(1. A d d i t i o n  a g e n t s ,  i f  p r e s e n t ,  w ere  n o t  o x i d i s e d  
t o  fo rm  a n y  s p u r i o u s  p r o d u c t s  e i t h e r  a t  end  o f  t h e  d e p l a t i n g  
s t a g e  o r  a s  a  r e s u l t  o f  t h e  p o s s i b l e  f o r m a t i o n  o f  p e r s u l p h a t e  
i o n s1 -  f u r t h e r  r e f e r e n c e  t o  t h i s  w i l l  be  made i n  P a r t  Two.
I n  o r d e r  t h a t  t h e  f i l m  o f  c o p p e r  r e f e r r e d  t o  i n  B
was k e p t  t o  a  minimum w ork  was c a r r i e d  o u t  t o  s tu d y ,  t h e  f a c t o r s  
w h ich  i n f l u e n c e d  t h e  v a r i a t i o n  o f  t \ w i t h  t i m e  s i n c e  o n l y  t h ect
s t e a d y  o v e r p o t e n t i a l s  w e re  c o n s i d e r e d  a s  r e p r o d u c i b l e .
e ) .  The V a r i a t i o n  o f  t i  w i t h  Time,a
T h i s  t o p i c  a n d  some r e s u l t s  h a v e  b e e n  d e s c r i b e d  
e l s e w h e r e 2 ^  , a n d  i n v a r i a b l y  a f i n i t e  t i m e  i s  r e q u i r e d  f o r
6 9
Tj  t o  become s t e a d y  upon  m ak ing  e l e c t r o d e  X c a t h o d i c  u n d e r  g a l -  a
v a n o s t a t i c  c o n d i t i o n s .
The p o t e n t i o m e t r i c  r e c o r d e r  was u s e d , i n  c o n j u n c t i o n  
w i t h  t h e  V i b r o n  e l e c t r o m e t e r  a s  a  p r e a m p l i f i e r ,  f o r  m e a s u r i n g  
v a r i a t i o n s  o f  rj . A s w i t c h  a l l o w e d  t h e  s y n c h r o n i s a t i o n  o f  b o t h3
t h e  a p p l i c a t i o n  o f  e l e c t r o p l a t i n g  c u r r e n t  ( X c a t h o d i c  ) ,  an d  
o f  t h e  r e c o r d e r  c h a r t - m o t o r  c u r r e n t .  T y p i c a l  r e c o r d i n g s  a r e  
shown i n  F i g s .  1 6 ,  1 7 ,  19 a n d  2 0 .
The f o l l o w i n g  f a c t o r s  w ere  c o n s i d e r e d  a s  b e i n g  p o s s ­
i b l y  r e s p o n s i b l e  f o r  t h e  v a r i a t i o n s  i n  r\ w i t h  t im e3
A. P l a t i n g  o u t  o f  i m p u r i t i e s  -  a  dummy p l a t i n u m  c a t h o d e
was u s e d ,  w i t h  X d i s c o n n e c t e d ,  an d  a  s u f f i c i e n t  number o f  cou.-
lombs  p a s s e d .  The dummy was rem oved  a n d  X r e c o n n e c t e d  a n d  made
c a t h o d i c .  V a r i a t i o n s  o f  ti w i t h  t i m e  w ere  s t i l l  r e c o r d e d  w h ic ha
were  u n a f f e c t e d  by  t h e  p r e - e l e c t r o l y s i s  -  h e n c e  a d v e r s e  i m p u r i ­
t i e s  w ere  a b s e n t  f ro m  t h e  e l e c t r o l y t e ,
B. Change i n  Cu+ -  p l a t i n u m  r e d o x  e l e c t r o d e s  w ere  
i n s t a l l e d ,  one was p l a c e d  a l o n g s i d e  t h e  c o p p e r  r e f e r e n c e  e l e c ­
t r o d e  ( F i g ,  3# ) ,  a n d  a  s e c o n d  was s e a l e d  i n t o  t h e  g l a s s  
a g i t a t o r .  H ow ever ,  no s i g n i f i c a n t  p o t e n t i a l  c h a n g e  b e t w e e n  t h e  
r e d o x  e l e c t r o d e s  was o b s e r v e d  w h ic h  c o u l d  be  r e l a t e d  t o  t h e
v a r i a t i o n  o f  ti w i t h  t i m e ,  a
C^ . M e t a l l u r g i c a l  c o n d i t i o n  o f  X -  t h e  f o l l o w i n g  e x ­
p e r i m e n t s  w ere  c a r r i e d  o u t : -
i .  E f f e c t  o f  h a r d n e s s  a t  c o n s t a n t  g r a i n  s i z e ,  u s i n g  
d i f f e r e n t  c u r r e n t  d e n s i t i e s  ( F i g .  16 ) ,  a n d  t e m p e r a t u r e s  ( F i g ,
17  ) - - t h e  f u l l y  h a r d  p l a t i n u m  c o n s t i t u t i n g  X was h e a t - t r e a t e d
i n  s t a g e s  a c c o r d i n g  t o  p u b l i s h e d  d a t a 222 t o  g i v e  l o w e r  V . P .N ,
v a l u e s  w i t h  n e g l i g i b l e  g r a i n  g r o w th 2 2 3 . At e a c h  s t a g e  r e c o r d i n g s
o f  v a r i a t i o n  o f  ti w i t h  t i m e  were  made .  The e f f e c t s  o f  c o l d -a
r o l l i n g  a n d  m e c h a n i c a l  p o l i s h i n g  w ere  a l s o  s t u d i e d  a l t h o u g h ,  i n  
t h e s e  c a s e s ,  g r a i n  s i z e  was n o t  c o n t r o l l e d .
i i .  E f f e c t  o f  g r a i n  g r o w th  an d  g r a i n  b o u n d a r i e s  -  f u l l y
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FIGURE 16
E f f e c t  o f  p l a t i n u m  s u b s t r a t e  h a r d n e s s  on t h e  v a r i a t i o n  o f  r[
Si
w i t h  t i m e .
S o l u t i o n ,  0.5M C u S ( \+ 0 ,5 M  H2 SO^ ( p u r i f i e d  w i t h  a c t i v e  
c a r b o n  an d  h y d r o g e n  p e r o x i d e ) .
T e m p e r a t u r e ,  30°C*
C h a r t  s p e e d ,  3 i n / m i n .
EFFECT OF PLATINUM SUBSTRATE
HARDNESS . 3 0 °C
FIGURE 17
E f f e c t  o f  t e m p e r a t u r e  on  t h e  v a r i a t i o n  o f  w i t h  t i m e .
S o l u t i o n ,  0.5M C uS ( \+ 0 .5M  H2 SO  ^ ( p u r i f i e d  w i t h  a c t i v e  
c a r b o n  an d  h y d r o g e n  p e r o x i d e ) .
P l a t i n u m  h a r d n e s s ,  V . P . N .  88 .
C h a r t  s p e e d ,  3 i n / m i n .
C u r r e n t  d e n s i t y ,  0 . 5  A/dm2 .
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s o f t  p l a t i n u m , f r o m  e x p e r i m e n t s  i n  i .  a b o v e , w a s  h e a t e d  t o  r e d ­
h o t n e s s  f o r  15 m in .  t o  p r o d u c e  a p p r e c i a b l e  g r a i n  g r o w th  an d  t h e  
e f f e c t  o f  g r a i n  g r o w t h  was n o t e d .  The g r o w th  o f  t h i n  f i l m s  o f  
c o p p e r ,  p a r t i c u l a r  w i t h i n  t h e  r e g i o n s  o f  t h e  p l a t i n u m  s u b s t r a t e  
g r a i n  b o u n d a r i e s ,  was a l s o  o b s e r v e d  ( F i g .  1 8 .  ) •
i i i .  The b e h a v i o u r  o f  p l a t i n u m - p l a t e d  p l a t i n u m  a n d  o f  
p l a t i n u m - p l a t e d  c o p p e r  was c h e c k e d ,  p a r t i c u l a r l y  w i t h  a  v i e w  t o  
p r o d u c i n g  a  r e p r o d u c i b l e  s u b s t r a t e  i n  a n  e c o n o m i c a l  way .  A 
p l a t i n u m  p l a t i n g  b a t h  b a s e d  on s u l p h a t o - d i n i t r o - p l a t i n o u s  a c i d  
( Hg P t  (N02 )2 SOj, ) was em ployed22 ^ .
I). E f f e c t  o f  p r e f o r m i n g  -  t h e  e f f e c t  o f  c u r r e n t  d e n s i t y  
was s t u d i e d  ( F i g .  1 9 ) .
E.  P r e s e n c e  o f  c h l o r i d e  - io n s  -  a - m a r k e d  e f f e c t  w as  found 
f o r  e v e n  t r a c e  a m o u n t s , d e l i b e r a t e l y  a d d e d  i n  t h e  fo rm  o f  A .R, 
h y d r o c h l o r i c  a c i d , o r  p o t a s s i u m  c h l o r i d e ,  t o  a  s u p e r - p u r e  
e l e c t r o l y t e  ( F i g . 2 0 ) .
7 5
FIGURE l8A. Platinum reproducible substrate after light 
etching. Magnification, xl3.
FIGURE l8B. Platinum, as detailed in A, and after deposition 
of a continuous layer of copper.
7 6
FIGURE 19
E f f e c t  o f  p r e f o r m i n g  t h e  p l a t i n u m  s u b s t r a t e  on t h e  v a r i a t i o n
o f  t i  w i t h  t i m e ,  a
S o l u t i o n ,  0.5M CuS(\  + 0.5M E2 S ( \  ( p u r i f i e d  w i t h  a c t i v e  
c a r b o n  a n d  h y d r o g e n  p e r o x i d e ) .
T e m p e r a t u r e ,  2 5 °C.
P l a t i n u m  h a r d n e s s t V .P .N .  88.
C h a r t  s p e e d ,  3 i n / m i n .
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FIGURE 20
E f f e c t  o f  c h l o r i d e  i o n s  on t h e  v a r i a t i o n  o f  T] w i t h  t i m e .
a
S o l u t i o n ,  S u p e r - p u r e  0.f>M CuSOj, +0.5M Hg SO^  , an d
a d d i t i o n  o f  c h l o r i d e ,  a s  HC1, a s  d e t a i l e d  
on t h e  c h a r t .
T e m p e r a t u r e ,  2 5 °C.
P l a t i n u m  h a r d n e s s ,  V . P . N ,  4 8 .
C h a r t  s p e e d ,  3 i n / m i n .
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EXPERIMENTAL RESULTS AND DISCUSSIONS - PART ONE
PRELIMINARY STUDIES
A considerable amount of work was carried out to find 
the simplest purification technique that would give reproducible 
values of overpotential and of deposit morphology. The more 
significant pesults of this and other work are summarised below.
Use of Hydrogen Peroxide
This reagent usually raised the overpotential from,
for example, 75 to 110 + 10 mV at 25°C and 2 A/dm2for a solut­
ion containing 0.5M CuSOj, and 0.5M HgSO^  . This effect is,now 
believed to be due to the elimination of depolarising chloride 
ions as chlorine and possibly the destruction of depolarising 
sulphide ions and organic matter. When the S,S«D. method was 
used the overpotential was steady with time under galvano- 
static conditions and the deposit morphology was reproducible 
for different batches of electrolyte.
Similar effects were produced if the hydrogen per­
oxide w'ere added after active .carbon treatment.
Use of Active Carbon
T h i s  m a t e r i a l  r a i s e d  t h e  o v e r p o t e n t i a l  f rom  75 t o
85 5 mV f o r  t h e  same p l a t i n g  c o n d i t i o n s  s t a t e d  a b o v e .  U nder
g a l v a n o s t a t i c  c o n d i t i o n s  t h e  o v e r p o t e n t i a l  was f a i r l y  s t e a d y  
w i t h  t i m e  an d  t h e  d e p o s i t  m o rp h o lo g y  was n o t  a l w a y s  r e p r o ­
d u c i b l e  f o r  d i f f e r e n t  b a t c h e s  o f  e l e c t r o l y t e .
When it was added after the hydrogen peroxide treat­
ment an overpotential of 91 +. 1 was obtained for the same 
conditions and was very stable with time. The deposit mor­
phology was very reproducible for all batches of electrolyte.
These effects may be due to the partial elimination of depolar­
ising impurities and to the re-introduction of a definite but 
trace amount of chloride ions present in the active carbon, as are 
indicated in the results for super-pure electrolytes.
Grade of Starting Material
a). Water,
The marked depolarising effect of tap water was 
observed which could be attributed chiefly to the presence of 
chloride ions. Repeated redistillation of freshly distilled 
water, whether containing alkaline potassium permanganate or 
not, produced no change in the observed values of r\ or in
Si
the deposit morphology.
b). Copper sulphate pentahydrate.
The three grades A.R. , M.A.R,, and ,?SpecpureM all 
gave similar results. Repeated recrystalUisation produced no 
change in the observed values of ti or in the deposit mor­
phology, Purification by recrystallisation has been used by 
many workers but removal of chloride ions to a concentration 
below 10 p.p.m. by this method is considered unlikely250. It 
has also been shown that certain adverse surface active agents 
are not necessarily removed by recrystallisation89.
c). Sulphuric acid.
Under standard conditions A.R. grade gave an activ­
ation overpotential lower than that given by M.A.R. grade, 
and 5% lower than that given by redistilled grade. It is possible 
that traces of depolarising sulphide ions are present in the A.R. 
and M.A.R. grades,
' For general comparative studies (e.g. the effects of 
plating variables on electrode kinetic parameters) electrolytes 
were prepared from
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Freshly distilled water from an all-glass still,
Copper sulphate pentahydrate A.R. grade,
Sulphuric acid M.A.R. grade - the redistilled grade 
was not considered necessary for this comparative 
work.
It is emphasised that the effects of traces of chloride ions 
were not established until later in the experimental work.
1 . . .Effects of Impurities detailed on Materials Specifications
A deliberate addition of twice the maximum limit con- 
centration of any impurity detailed on the suppliers specific­
ation produced no measurable effect on tj or crystal habit undera
standard conditions. Some of these impurities have,however, been
2 9 5
described as undesirable for example, iron2 89 2 9 1 2 92 294 , 
aluminium2 89 , lead2 9 0 , nickel2 89 2 93 , arsenic2 95 , and particularly 
those detailed in an authoritative specification297. It is be­
lieved that these impurities probably affect only the engineering 
properties ox copper deposits. Although acid copper plating 
solutions are extremely sensitive to a few impurities their over­
all sensitivity is probably much lower than that of solutions 
used in hydrogen overpotential studies140.
Effects of Common Gases
Each gas was passed through three wash bottles contain­
ing acid copper sulphate solution prior to its delivery to the 
electrolysis cell at. a rate of 6 ml/min. Gases were conducted 
through only polythene tubing since hydrogen sulphide can be 
picked up from rubber tubing288. The rate of gas flow was so low 
that any depolarising effects could not be ascribed to any in­
crease in agitation,
a). Hydrogen Sulphide,
Traces of this gas produced marked depolarisation
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w hich  p e r s i s t e d  a f t e r  t h e  g a s  f l o w  was s t o p p e d .  The c r y s t a l  h a b i t  
c h a n g e d  t o  a  b l o c k - l i k e  s t r u c t u r e  ( F i g ,  21  ) .  Some o f  t h e s e
e f f e c t s  h a v e  b e e n  r e p o r t e d  b e f o r e 51 an d  t h e  d e p o l a r i s i n g  e f f e c t  
c a n  be a s c r i b e d  t o  t h e  f a c t  t h a t  e l e c t r o d e p o s i t i o n  o f  c o p p e r  i s  
e a s i e r  a t  a  s u l p h i d e  ( an d  o x i d e  ) i n c l u s i o n  t h a n  a t  c o p p e r  
m e t a l2 5 7 25 8 ,  •
b ) .  S u l p h u r  D i o x i d e .
A l a r g e  a d d i t i o n  was r e q u i r e d  t o  p r o d u c e  a n  e l e v a t i o n
o f  q b u t  t h e r e  was no e f f e c t  on t h e  c r y s t a l  h a b i t .  The e f f e c t  
a  s t r o n g l y
s l o w l y  c e a s e d  on s t o p p i n g  t h e  g a s  f l o w .  I n / a c i d  s o l u t i o n  i t  i s
p o s s i b l e  f o r  t h e  f o l l o w i n g  r e a c t i o n  t o  o c c u r :
S02 + 4H+ + k& i+ = S + 2H2 0 +/jCu+ + .
T h i s  c o u l d  h a v e  a n  o p p o s i n g  e f f e c t  on t h e  n o r m a l  d e p o s i t i o n  p r o ­
c e s s ,  n a m e ly ,  Ca+ +  -> Cu+ ~~—r>- Cu m e t a l .
c ) .  C a rb o n  M onox ide .
D e s p i t e  i t s  low  s o l u b i l i t y  i t  c a u s e d  d e p o l a r i s a t i o n  
e v e n  a f t e r  t h e  g a s  f l o w  was s t o p p e d .  The d e p o s i t s  were  f o u n d  t o  
be  e m b r i t t l e d .  T hese  e f f e c t s  c o u l d  be a s c r i b e d  t o  a n  a d s o r p t i o n  
m echan ism  f o l l o w e d  by  t h e  i n c l u s i o n  o f  a d s o r b e d  g a s .  T h u s ,  i t  
h a s  b e e n  shown t h a t  c a r b o n  monox ide  c a n  s t r o n g l y  c h e m i s o r b  t o  
c o p p e r 2 5 9 , an d  c a n  c o - d e p o s i t  w i t h  i r o n  o r  n i c k e l 1 0 2 .
d ) .  C a r b o n  D i o x i d e .
A f t e r  a n  i n d u c t i o n  p e r i o d  o f  a b o u t  one m i n u t e  t h i s  
g a s  c a u s e d  d e p o l a r i s a t i o n  an d  t h e  p r o d u c t i o n  o f  b l o c k - l i k e  
d e p o s i t s .  The d e p o l a r i s i n g  e f f e c t  s l o w l y  d i s a p p e a r e d  a f t e r  t h e  
g a s  f l o w  was s t o p p e d .  The same e f f e c t s  w ere  o b s e r v e d  f o r  p l a t i n g  
s o l u t i o n s  w h ic h  h a d  b e e n  p r e v i o u s l y  s a t u r a t e d  w i t h  c a r b o n  d i ­
o x i d e  an d  e x p o s e d  t o  l i g h t  f o r  12 h o u r s .  I f  t h e  s a t u r a t e d  s o l u t ­
i o n  w ere  l e f t  i n  t h e  d a r k , o r  i n  c o n t a c t  w i t h  c o p p e r  f o i l  a n d  
e x p o s e d  t o  l i g h t ,  t h e  ab o v e  e f f e c t s  w ere  n o t  p r o d u c e d .
On a c c o u n t  o f  i t s  h i g h  s o l u b i l i t y  an d  d e n s i t y  c a r b o n  
d i o x i d e  may f a v o u r  t h e  b u i l d  up o f  c u p r o u s  i o n  c o n c e n t r a t i o n  i n  
t h e  p l a t i n g  s o l u t i o n  w h ich  c o u l d  o t h e r w i s e  be  a f f e c t e d  by
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FIGURE 21
B l o c k - l i k e  e l e c t r o d e p o s i t  s t r u c t u r e ,  t y p i c a l  o f  t h o s e  
p r o d u c e d  by c e r t a i n  d e p o l a r i s i n g  i m p u r i t i e s ,  e . g .  
h y d r o g e n  s u l p h i d e .
S o l u t i o n ,  0.5M CuS04 + 0.5M H2 SO^  , a t  25°C .
M a g n i f i c a t i o n , x 5 , 000.
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a t m o s p h e r i c  oxygen  o r  by  l i g h t 1 6 9 . An a d s o r p t i o n  e f f e c t  f o r  
c a r b o n  d i o x i d e  h a s  b e e n  n o t e d2 4,2 , b u t  i s  v e r y  s m a l l .
I t  i s  d o u b t f u l  w h e t h e r  t h e  a b o v e  e f f e c t s  w ere  c a u s e d
119
by  t h e  p h o t o s y n t h e s i s  o f  fo rmic ,  a c i d 2 87 o r  f o r m a l d e h y d e  s i n c e  
no o r g a n i c  m a t t e r  c o u l d  be  i s o l a t e d  f rom  t h e  a p p r o p r i a t e  s o l u t ­
i o n s .  The b e h a v i o u r  Of t h e s e  two c h e m i c a l s  i s  d e s c r i b e d  i n  P a r t  
Two,
I t  i s  i n t e r e s t i n g  to n o t e  t h a t  no s p u r i o u s  e f f e c t s  
w ere  r e p o r t e d  w here  c a r b o n  d i o x i d e  was u s e d  i n  c o u l o m e t r y2770
e ) .  N i t r o g e n ,
T h i s  g a s  c a u s e d  a  s m a l l  a n d  i r r e g u l a r  d e p o l a r i s i n g  
e f f e c t  w h ich  c e a s e d  i m m e d i a t e l y  when t h e  g a s  f l o w  was s t o p p e d .  
T h e re  was no e f f e c t  p r o d u c e d  on t h e  d e p o s i t  s t r u c t u r e .  I t  h a s  
b e e n  r e p o r t e d  t h a t  “n was s i m i l a r  when e l e c t r o l y s i s  was c a r r i e d  
o u t  u n d e r  a n  a t m o s p h e r e  o f  n i t r o g e n  o r  oxygen5 0 . O t h e r  w o r k e r s  
h a v e  shown t h a t  a  g a s  s u c h  a s  n i t r o g e n  an d  h y d r o g e n  c a n  a f f e c t  
t h e  p o t e n t i a l  o f  a  c o p p e r  e l e c t r o d e  b u t  no e x p l a n a t i o n  was 
o f f e r e d 21*3 , I t  i s  p o s s i b l e  t h a t  t h e  e f f e c t  i s  a n a l o g o u s  t o  
t h e  D orn  e f f e c t 1 0 7 ,
f ) .  O xygen .
No m e a s u r a b l e  e f f e c t s  were  o b s e r v e d  f o r  p l a t i n g  s o l u t ­
i o n s  t h a t  h a d  b e e n  a l l o w e d  t o  come i n t o  e q u i l i b r i u m  w i t h  t h e  a i r .
P h o t o v o l t a i c  E f f e c t
T h i s  was s t u d i e d  w i t h  t h e  a i d  o f  t h e  c e l l  a n d  t w o -  com­
p a r t m e n t  lamp box shown i n  F i g . 2 2 .  F o r  a  s o l u t i o n  0.5M CuSC\ 
a n d  pH 4 , 5  t h e  i l l u m i n a t i o n  o f  one e l e c t r o d e  p r o d u c e d  a  p o t e n t i a l  
c h a n g e  o f  mV. The m a g n i t u d e  was s l i g h t l y  r e d u c e d  by  t h e  p a s s a g e  
o f  n i t r o g e n  g a s ,  a n d  was e l i m i n a t e d  c o m p l e t e l y  b e lo w  a  pH o f  3 .
FIGURE 22
H - C e l l  a n d  lam p  h o u s e  f o r  t h e  s t u d y  o f  e l e c t r o d e  p o t e n t i a l s
o f  c o p p e r .
Legend  :
1 ,  U n g r e a s e d  c e n t r e  t a p .
2 ,  Gas b u b b l e r  i n l e t ,
3 ,  C o p p e r  p o w d e r .
k ,  E l e c t r i c a l  c o n n e c t i o n  t o  t h e  c o p p e r  e l e c t r o d e .  
3 ,  Lamp h o u s e .
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The semi-conducting properties of cuprous oxide have been dis­
cussed elsewhere2**5 ,
E f f e c t  o f  S u l p h u r i c  A c id  on C o p p e r  I o n  A c t i v i t y
The c e l l  shown i n  F ig*  22 was u s e d .  A d d i t i o n  o f  
s u l p h u r i c  a c i d  t o  0.5M CuSC\ c a u s e d  a p p r o x i m a t e l y  a  t e n f o l d
d e c r e a s e  i n  t h e  c o p p e r  i o n  a c t i v i t y  o v e r  t h e  r a n g e  o f  a c i d  0.0
O.fiM. I t  was a l s o  o b s e r v e d  t h a t  f u r t h e r  a d d i t i o n  o f  c o p p e r  
s u l p h a t e  t o  0.1M CuSOj, c o n t a i n i n g  0«f?M H2 SO^  o n l y  s l i g h t l y  i n ­
c r e a s e d  t h e  c o p p e r  i o n  a c t i v i t y .
PRINCIPAL STUDIES
The r e s u l t s  d e t a i l e d  h e r e  a r e  m o s t l y  d e r i v e d  f rom  
a  s t u d y  o f  t h e  T a f e l . b e h a v i o u r  o f  e l e c t r o l y t e s  u s i n g  t h e  R . S .  
t e c h n i q u e .  The wide  r a n g e  o f  c o n c e n t r a t i o n  o f  a c i d  c o p p e r  s u l ­
p h a t e  s o l u t i o n s  e m p lo y ed  e n a b l e d  a  f a i r  a p p r a i s a l  o f  t h e  R*S. 
t e c h n i q u e  t o  be  made a n d  t h e  r e s u l t s  an d  d i s c u s s i o n s  o f  ' o t h e r  
w o r k e r s  t o  be  c o m p a r e d ,  . F u r t h e r m o r e ,  t h e s e  s t u d i e s  p r o v i d e d  
a  f o u n d a t i o n  f o r  t h e  work  i n  P a r t  Two,
C o m p a r i s o n  o f  R . S .  and  S . S . D .  M ethods
The p a r t i c u l a r  v a l u e  o f  t h e  R , S ,  m e thod  i s  shown i n  
F i g ,  23 w here  t h o s e  p l a t i n g  s o l u t i o n s  t h a t  g i v e  r i s e  t o  d e p o s i t s  
t h a t  r a p i d l y  r o u g h e n  w i t h  t i m e  p r e v e n t  s t r i c t  c o n t r o l  o f  s u r f a c e  
a r e a  a n d , t h e r e f o r e , o f  c u r r e n t  d e n s i t y .  The S . S . D ,  m e thod  was 
u n a b l e  t o  p r o v i d e  e x p e r i m e n t a l  d a t a  c o n f o r m i n g  t o  T a f e l  b e h a v i o u r .
H ow ever ,  t h e  more c o n c e n t r a t e d  s o l u t i o n s ,  p a r t i c u l a r l y  
t h o s e  o f  low  pH, e x h i b i t e d  T a f e l  b e h a v i o u r  a n d , gav e  s i m i l a r  
r e s u l t s  f o r  b o t h  m e t h o d s .  T h i s  i s  shown i n  F i g ,  2k  f o r  a  s o l u t ­
i o n  0.3M .CuS04 a n d  0.5M H2 SC\ ,  The e x p e r i m e n t a l  s c a t t e r , t h o u g h , 
was a l w a y s  g r e a t e r  f o r  t h e  S . S . D .  m e thod  p r o b a b l y  due t o  s m a l l  
v a r i a t i o n s  i n  t h e  c a t h o d e  m a t e r i a l  u s e d .  I t  i s  b e l i e v e d  t h a t  i n  
t h o s e  c a s e s  w here  b o t h  m e th o d s  g a v e  s i m i l a r  T a f e l  b e h a v i o u r  t h e  
s u r f a c e  t o p o g r a p h y  d i d  n o t  c h a n g e  s i g n i f i c a n t l y  w i t h  t i m e .
The f o l l o w i n g  t a b l e  shows t h e  r e p r o d u c i b i l i t y  f o r  
d i f f e r e n t  b a t c h e s  o f  t h e  same e l e c t r o l y t e  o b t a i n e d  u n d e r  s i m i l a r  
c o n d i t i o n s
T a b l e  k .
R e f e r e n c e R e p r o d u c i b i l i t y  o f  ti I
l
P r e s e n t  w o r k , R . S .
U \ 
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P r e s e n t  w o r k , S . S . D , + 1* 0% [
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FIGURE 2k
O v e r p o t e n t i a l  v e r s u s  c u r r e n t  d e n s i t y  p l o t s .
S o l u t i o n ,  0,5M CuSOj, +0.5M SOk ( p u r i f i e d  w i t h  a c t i v e  
c a r b o n  a n d  h y d r o g e n  p e r o x i d e ) .
T e m p e r a t u r e ,  2 5 °C.
L eg e n d  ;
T | , T o t a l  p o l a r i s a t i o n  (no  a g i t a t i o n ) .  
t i^ ,  A c t i v a t i o n  o v e r p o t e n t i a l .
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T a b l e  4 ( c o n t )
R e f e r e n c e  ! R e p r o d u c i b i l i t y  o f  r\^
25 ! + 5%
302 I + 5%
232 ; + 7%
303 ! + 5%
90 ! + 355
37 ! i  5 $
95
oK'V+1
T( v e r s u s  i  p l o t s  for  V a r i o u s  E l e c t r o l y t e s  u s i n g  t h e  R.S* Method &
The f o l l o w i n g  t a b l e  l i s t s  t h e  d i f f e r e n t  c o n c e n t r a t i o n s  
o f  c o p p e r  s u l p h a t e  an d  s u l p h u r i c  a c i d  e m p lo y e d * -
T a b l e  5 •
A .R .  CuSO^ ,5H2 0 g / 1 . M.A.R. Hg SO* m l / 1
1 8 . 8  = A 0.028 = L
3 1 . 2 5  = B 0 . 1 1  = M
6 2 . 5  = C 0 . 4 5  = N
125 . = D ( i . e . 0 . 5 M ) 1 . 7 5  = 0
250 = E 5 . 0  = P
28 = Q, ( i , e , 0 . 5 M )
A l l  t h e  d i f f e r e n t  c o m b i n a t i o n s  o f  t h e s e  c o n s t i t u e n t s  w e re  p r e ­
p a r e d  a n d  p u r i f i e d  u s i n g  t h e  a c t i v e  c a r b o n  a n d  h y d r o g e n  p e r o x i d e  
p r o c e d u r e .  The s o l u t i o n s  w ere  made up  i n  d u p l i c a t e  1 l i t r e  b a t c h e s  
i n  o r d e r  t h a t  e a c h  e x p e r i m e n t  c o u l d  be  r e p e a t e d .
The r e p r o d u c i b l e  p l a t i n u m  s u b s t r a t e  was n o t  a n n e a l e d
owing  t o  i t s  t h i n n e s s .
E x p e r i m e n t a l  d a t a  was t h u s  o b t a i n e d  f o r  t h e  r e l a t i o n ­
s h i p  b e t w e e n  tj an d  c u r r e n t  d e n s i t y  f o r  t h e  r a n g e  0 . 0 1  -  1 0 . 0  A/dm2,
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and for the temperatures 20, 25? 30, 33? 4-0 and 50°C.
Table 6. Values of i0 and i obtained from graphical data.s
S o l u t i o n ? 20°C
io
2.3°
mA/cm2
30° 35° 40*
■v i 
50» , 20°C
i £
25°
3 mA/cm2 
30° 35°
( Y , F i g . l  
4 CP 30
AM - 10 - - - 15 - - - -
AN 4 . 4 6.2 10 14 17 - 8.0 12 16 20 25 -
AO 4 . 1 5 . 8 7 . 8 9 . 4 12 32 11 12 16 20 25 35
AP 4 . 3 5 . 4 7 . 3 10 14 35 8.0 11 16 19 25 40
AQ 1 . 9 3 . 0 4 . 2 - - - 6.0 8 . 4 10 - - -
BN 4 . 5 5 . 8 7 . 8 12 16 38 10 12 15 25 35 40
BO 3 . 6 5 . 2 8.0 11 15 30 8,2 12 18 22 27 39
BP 4 . 5 6,0 8 . 3 11 15 36 8 12 17 22 30 45
CN 4 . 7 7 . 1 9 . 7 14 20 39 8.2 11 16 22 32 55
CO 4 , 0 6.1 8 . 4 12 18 35 13 15 22 23 31 50
CP 3 . 1 5 . 1 8.0 11 16 2? 9 13 22 26 35 50
DN 4 . 7 7 . 2 11 16 25 - 8 11 16 27 50 80
DO 3 . 3 4 . 6 6.8 9 . 8 15 29 8 11 16 21* 30 60
DP 2 . 7 3 . 7 5 . 5 8 . 3 12 22 7 9 12 18 25 45
EN 6 . 3 7 . 6 11 - - - 14 16 23 - - -
EO 4 . 2 6.0 8.1 11 16 36 8 12 16 20 30 40
EP 2 . 3 4 . 0 5 . 6 7 . 8 11 21 6 10 14 18 26 38
+Values for this temperature not very reproducible, 
x  - Solution compositions detailed in Table 5 .
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T a b l e  7 .  V a l u e s  o f  an d  i  o b t a i n e d  f ro m  g r a p h i c a l  d a t a .
ij i , mA/cm2 (Z , F i g l b ) i d mA/cm2( s e e F i g l ) j
S o lu t i o n ? : 20°C 25 30 35 40 50 2 0 CC 25 30 35 40 50 !
AM | !
AN | 19 21 31 32 37 - 30 32 42 52
i
Hg e v o l . i
AO j £0 23 30 32 39 45 30 32 40 45 60 _ !
AP 1j 19 20 27 30 40 50 25 30 37 46 52 65 j
AQ ![ 15 18 21 - - - 30 33 35 - -
i
BN | 25 29 32 55 60 65 50 55 70 100 - ^ i
BO | 28 32 4 l 46 N N 40 42 60 61 N N ! !
BP !! 25 31 35 45 52 65 45 50 57 70 90
!
t
CN j 34 36 40 46 70 N N N N N N N J
c o  ; 35 4o 50 55 N N 65 70 N N N
i
N iI
CP ! 26 35 42 56 75 85 ’ N N N N N N j
DN | 42 50 55 70 N N 80 N N N N N |
DO j 40 42 49 51 58 N 6o N N N N N !
DP ! 28 30 31 36 50 65 N N N N N N |
EN | N N- N- - - - N N N - -
i
i
EO | N N N N N N N N N N N N |
E'P 1 30 4o 6o 80 ' N N: N N N N N N |
ii
N = Not d i s c e r n a b l e  o v e r  t h e  r a n g e  s t u d i e d ,  
x  -  S o l u t i o n  c o m p o s i t i o n s  d e t a i l e d  i n  T a b l e  5 .
T a b l e  8 , S l b p e s  o b t a i n e d  f ro m  g r a p h i c a l  d a t a  ( s e e  F i g s , l a , b )
T a f e l  s l o p e ,  dr\ /  d l o g i  a
i n  V o l t s
» S l o p e  o f  l i n e a r  
r e l a t i o n s h i p  fo: 
Tj v e r s u s  i ,  i n
A/e-m2
CL V o l t s  
A /  cm2
S o l u t i o n X 20°C 25 30 35 40 50 20°C ' 30 40
AM ' .3 0 3 - - - - 4 . 5 5 -
AN .200 .200 . 2 6 7 .2 6 7 .2 6 7  N 6 . 6 7 3 . 3 3 2,00
AO .200 .200 .200 ,200 .200 ,200 6 . 6 7 3 . 3 0 2.22
AP . 1 7 7 .1 7 7 .1 7 7 .1 7 7 . 1 7 7 .1 7 7 6 . 6 7 3 . 4 5 1 . 8 9
AQ .1 5 6 .1 7 2 .1 8 5 - - - 1 5 . 4 5.88 -
BN .1 6 4 .160 . 1 6 3 .1 6 3 , 1 7 4 .1 7 4 5.26 2.78 1 . 8 5
BO .1 5 4 .160 .1 7 9 .188 .200 .200 5.88 3 . 1 3 1.52
BP .160 .160 .160 . 1 6 7 . 1 7 4 .1 7 9 5.00 2.86 1 . 6 7
CN ,160 . 1 6 7 .1 6 7 .1 7 9 .192 .160 4 . 3 5 1 , 7 2 1.18
CO .1 5 4 .160 .1 6 4 ,1 7 7 .196 . 196 5.00 2 . 5 0 1.00
CP .135 .143 .1 5 8 .1 6 7 .182 .182 7 . 1 4 3 . 4 5 i . 4 i
DN . 1 5 0 . 1 5 4 .1 5 4 .1 6 4 . 1 7 4  N 3 . 7 0 1.28 . 8 9 3
DO . 1 3 3 .1 3 3 . 1 4 0 . 1 4 3 .160 • H OO ^3 5.88 1 . 9 2 1 . 0 4
DP .122 .122 .122 .1 3 2 .1 4 3 .1 4 8 5.88 2 . 7 0 1 . 3 7
EN .1 4 7 . 1 3 3 .1 4 3 - - 2 . 7 8 1 . 0 3 -
EO .1 3 5 .1 3 9 .1 4 3 .1 4 3 .1 4 3 .125 3 . 5 7 1.61 1.00
E-P .111 .120 .120 .120 ,121 .121 5.26 3 . 1 3 1 . 3 2
x  -  S o l u t i o n  c o m p o s i t i o n s  d e t a i l e d  i n  T a b l e  3 .  
N = Not d i s c e r n a b l e  o v e r  t h e  r a n g e  s t u d i e d .
G e n e r a l  O b s e r v a t i o n s  C o n c e r n i n g  S o l u t i o n s  AM t o  EP
S o l u t i o n s  b a s e d  on L and  M p o s s e s s e d  o n l y  a  v e r y  l i m i ­
t e d  s a t i s f a c t o r y  p l a t i n g  r a n g e  an d  c l e a r l y  d e f i n e d  v a l u e s  o f ,  f o r  
e x a m p l e ,  i 0 an d  i ^  w ere  n o t  o b s e r v e d .  The g e n e r a l  c h a r a c t e r i s t i c  
o f  s o l u t i o n s  b a s e d  on Q have  b e e n  d e s c r i b e d  p r e v i o u s l y 9 0 .
The e f f e c t  o f  c o n c e n t r a t i o n  o f  e i t h e r  c o p p e r  s u l p h a t e ,
o r  o f  s u l p h u r i c  a c i d ,  on  r\ a t  an y  g i v e n  c u r r e n t  d e n s i t y  was n o t
a £ a s  p r o n o u n c e d  a s  t h a t  r e p o r t e d  by  o t h e r  w o r k e r s 90' p r o b a b l y  b e ­
c a u s e  t h e i r '  e f f i c i e n c y  o f  a g i t a t i o n  was n o t  s u f f i c i e n t l y  h i g h .  
H ow ever ,  q u a l i t a t i v e l y  t h e  • e f f e c t s  w ere  f o u n d  t o  be s i m i l a r ,
n a m e l y ,  t h a t  ri was i n c r e a s e d  by  a  d e c r e a s e  i n  c o p p e r  s u l p h a t e ,  a
o r  by  a n  i n c r e a s e  i n  s u l p h u r i c  a c . i d , c o n c e n t r a t i o n .
F i g .  23. shows  t h e  T a f e l  p l o t s  f o r  t h e  two e x t r e m e  g r a p h  
i c a l  p o s i t i o n s ,  i . e .  t h o s e  o f  AQ an d  EN,
E f f e c t  o f  P l a t i n g  V a r i a b l e s  on i 0
a ) .  The f o l l o w i n g  i s  a  summary o f  t h e  e x p e r i m e n t a l  d a t a  
f o r  t h e  s o l u t i o n s  AM t o  EP : -
V a r i a b l e  E f f e c t  on i 0
1 .  I n c r e a s e  i n  c o p p e r  a .  S l i g h t l y  i n c r e a s e d  f o r  ‘l e s s
s u l p h a t e  c o n c e n t r a t i o n .  a c i d  s o l u t i o n s .
b .  D e c r e a s e d  f o r  more, a c i ' d  
s o l u t i o n s .
■ " O
2 .  I n c r e a s e  i n  s u l p h u r i c  A p p r e c i a b l y  d e c r e a s e d ,
a c i d  c o n c e n t r a t i o n .
3 .  I n c r e a s e  i n  t e m p e r -  M a r k e d l y  i n c r e a s e d ,
a t u r e ,
b ) .  D i s c u s s i o n  o f  t h e s e  e f f e c t s .
The e x c h a n g e  c u r r e n t  d e n s i t y  i s  a  m e a s u r e  o f  t h e  r a t e  
a t  w h ic h  i o n s  i n  t h e  c o p p e r  m e t a l  a n d  i n  t h e  s o l u t i o n  c a n  '
C u r r e n t
e x c h a n g e  b e t w e e n  t h e  two p h a s e s  a t  t h e  r e v e r s i b l e  p o t e n t i a l .
H e n c e ,  t h e  c o n s t i t u t i o n  o f  t h e  H e l m h o l t z  l a y e r  c o u l d  a f f e c t  t h e  
r a t e  o f  e x c h a n g e  a n d ,  i n  t h i s  c o n n e c t i o n ,  i t  i s  b e l i e v e d  t h a t  
a n i o n s  s u c h ’ a s  SC\ 2 ~ and  HS(\ ” c a n  be  s p e c i f i c a l l y 9 5 o r  v o l t -  
a i c l ^ 40' a d s o r b e d  a t  a  c o p p e r  s u r f a c e .  The e f f e c t s  1 ,  an d  2 ,  
ab o v e  may be r e l a t e d  t o  t h e  amount o f  a n i o n s  a v a i l a b l e  f o r  t h e  
f o r m a t i o n  o f  a n  a n i o n  f i l m .  I t  h a s  a l r e a d y  b e e n  d e m o n s t r a t e d  
t h a t ,  f o r  e x a m p l e ,  a d d i t i o n  o f  s u l p h u r i c  a c i d  t o  a  c o p p e r  s u l - .  
p h a t e  s o l u t i o n  l o w e r s  t h e  a c t i v i t y  o f  c o p p e r  i o n s .  T h i s  common 
i o n  e f f e c t  i s  a l s o  m a n i f e s t e d  i n  c o n d u c t i v i t y  d a t a 1 6 7 .
W ith  r e g a r d  t o  t h e  t e m p e r a t u r e  e f f e c t , 3 >  i t  i s  p r o b a b l e  
t h a t  v i s c o s i t y  i s  t h e  f a c t o r  m o s t  l i k e l y  t o  be  i n f l u e n c e d .  The 
d i s s o c i a t i o n  o f  s u l p h u r i c  a c i d  an d  c o p p e r  s u l p h a t e  do n o t  a p p e a r  
t o  be g r e a t l y  i n f l u e n c e d  by a  t e m p e r a t u r e  c h a n g e  235 236 . A c c o r d i n g l y  
a  t e m p e r a t u r e  r i s e  c o u l d  l o w e r  t h e  v i s c o s i t y  o f  t h e  ca th .ode  f i l m
i
an d  f a c i l i t a t e  t h e  e x c h a n g e  r e a c t i o n s  t o  i n c r e a s e  i 0 , The j
v a r i a t i o n  o f  v i s c o s i t y  w i t h  t e m p e r a t u r e  i s  g i v e n  by t h e  e q u a t i o n : — j
—E/RTv i s c o s i t y  = A e , w h e re  A i s  a  c o n s t a n t .
H e n c e ,  1 / T  i s  p r o p o r t i o n a l  t o  l o g  ( v i s c o s i t y ) .
Now, i f  i 0 i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  v i s c o s i t y  o f  t h e  
c a t h o d e  f i l m ,  t h e n
1/  il / T  i s  p r o p o r t i o n a l  t o   l o g ' i g  j
A p l o t  o f V l  a g a i n s t  l o g M .0 s h o u l d  t h e r e f o r e  be l i n e a r ,  a n d  t h i s  j
r e l a t i o n s h i p  i s  i n d e e d  shown i n  F i g .  26 .
A l i n e a r  r e l a t i o n s h i p  f o r  t h e  t e m p e r a t u r e  r a n g e  20  -  J3°C  
h a s  b e e n  o b s e r v e d  p r e v i o u s l y 25 f o r  l o g  i 0 v e r s u s  T w h i c h ,  i t  was 
e x p l a i n e d ,  s h o u l d  f o l l o w  f rom  t h e  d i f f e r e n t i a l  o f  t h e  g e n e r a l  r a t e  
e q u a t i o n ,  i « e : -
d l o g  i 0 a \
-------------   , w here  AG = t h e  a c t i v a t i o n  e n e r g y .
d T RT2
I t  was a s s u m e d  t h a t  A g* an d  T r e m a i n e d  c o n s t a n t  f o r  t h e  e x p e r i m e n t a l
9 9
i
F ig . 26 . 100
l / i 0 xlO2
10
Legends
S o lu t io n  CN,0.25M CuSO*+
0 .4 5 m l/ l  Hj SOl .
S o lu t io n  C0t0,25M CuSO^  +
1 , 7 5 m l / l  Hj SO; •
S o lu t io n  D0,0,5M  CuSO,, + 
1 .7 5 * 1 /1  H2 S0.
5 . Oml/1 H? SO^  .
 1/T xl0> 3 ,3 3.1 1 0 0
555555555555555555555555555555555555555555J555
t e m p e r a t u r e  r a n g e .  H ow ever ,  i t  w i l l  be shown l a t e r  t h a t A G  i s  
a p p r e c i a b l y  l o w e r e d  by a  t e m p e r a t u r e  r i s e .  F u r t h e r m o r e ,  T2 i n ­
c r e a s e s  by  a p p r o x i m a t e l y  3% f o r  e a c h  5°C f i s e .  B o th  o f  t h e s e  
e f f e c t s  c a n  be  shown t o  a d v e r s e l y  a f f e c t  t h e  l i n e a r i t y  p r e d i c t e d  
by  t h i s  d i f f e r e n t i a l  e q u a t i o n  a n d , i t  i s  f e l t ,  t h e  v i s c o s i t y  e f f e c t  
may p r o v i d e  a  more t e n a b l e  e x p l a n a t i o n ,
A more t h o r o u g h  d i s c u s s i o n  s h o u l d ,  h o w e v e r ,  em b ra ce  
i n  d e t a i l  t h e  p o s s i b l e  r o l e  o f  h y d r o n iu m  i o n s  a n d  t h e  s i g n i f i c a n c e  
o f  t h e  r a t i o  o f  a c t i v e  a n d  g e o m e t r i c  c a t h o d e  a r e a s .  I t  i s  a l s o  
s t r e s s e d  t h a t  i 0 c a n  be v e r y  s e n s i t i v e  t o  t h e  p r e s e n c e  o f  t r a c e  
a m o u n ts  o f  i m p u r i t i e s .
M a t h e m a t i c a l  R e l a t i o n s h i p s  i n v o l v i n g  i&G a n d  a
a ) .  T h e o r y .
F i r s t  i t  i s  n e c e s s a r y  t o  d e r i v e  t h e  m a t h e m a t i c a l  r e ­
l a t i o n s h i p s  an d  t h e  f o l l o w i n g  t r e a t m e n t - i s  due e s s e n t i a l l y  t o  a  
p r e v i o u s  p a p e r8 w here  no a s s u m p t i o n s  a r e  made c o n c e r n i n g  t h e  
a c t u a l  e l e c t r o d e  m e c h a n i s m .  The o n l y  a s s u m p t i o n s  a r e  i .  t h a t  a n  
e n e r g y  o f  a c t i v a t i o n  i s  r e q u i r e d ,  i i .  t h a t  t h i s  e n e r g y  i s  r e l a t e d  
t o  t h e  e l e c t r o d e  p o t e n t i a l ,  an d  i i i ,  t h a t  t h e  e n e r g y  d i s t r i b u t ­
i o n  i s  M a x w e l l i a n ,
The f o l l o w i n g  F i g ,  £-7 i l l u s t r a t e s  t h e  s i g n i f i c a n c e  o f  
t h e  a c t i v a t i o n  e n e r g y : -
AGX
Cu ( i o n )
Cu ( c r y s t a l l i n e )
F i g ,  2 7 . 101
L e t , / \ d  = A c t i v a t i o n  e n e r g y  a t  t h e  r e v e r s i b l e  p o t ­
e n t i a l  a t  A, 
ti = O v e r p o t e n t i a l  u n d e r  i r r e v e r s i b l e  c o n d i t ­
i o n s  a t  B,
= ,
w here  ,
T hen ,  A.G  Z^G'-oct} zF = A c t i v a t i o n  e n e r g y  a t  B,a
a  = F r a c t i o n  o f  o v e r p o t e n t i a l  a s s i s t i n g  d e p o s ­
i t i o n  ( i . e .  t r a n s f e r  c o e f f i c i e n t ) ,  
z = v a l e n c y  o f  t h e  s p e c i e s  i n v o l v e d  i n  t h e  
a c t i v a t i o n  s t e p ,
F = F a r a d a y  c o n s t a n t .
T h en ,  i f  t h e  d i s t r i b u t i o n  o f  e n e r g y  am o n g s t  t h e  d e p o s i t i n g  c o p p e r  
i o n s  i s  M a x w e l l i a n ,  an d  t h e i r  number  d i s c h a r g i n g  e a c h  s e c o n d  i s  
N, , t h e n :
N, = N2 ^ G' a V F ) /R T
w here  N2 = Number o f  d e p o s i t a b l e  s p e c i e s  a t  t h e  e l e c t r o d e
s u r f a c e .
But N, i s  a  f u n c t i o n  o f  c u r r e n t  d e n s i t y , ! ,
H e n c e , N, = k  i  ,
w here  k  = a  c o n s t a n t .
T h e r e f o r e , ,  k  i  = e ~ ^ G~a 'tla 2 F ) / RT
N2 .
• • - (  A - G ^ octi zF )  = i o g ^  k  i
ET N2
1 02
. , l o g  i  + l o g  k  + l o g  N2 = - ( A G“aTl zF)Q 0 0 ci
RT
L e t  T be c o n s t a n t ,  an d  d i f f e r e n t i a t i n g  i  w i t h  r e s p e c t  t o  ti ;
• d  l o g  i  = a z F  -  -i-------------------- E q u a t i o n  1• « —T
d  t i  RTa
L e t  q be  c o n s t a n t ,  an d  d i f f e r e n t i a t i n g  i  w i t h  r e s p e c t  t o  T : a
* ^ -Lo^ e ^ -------------------- E q u a t i o n  2
d T RT*
F u r t h e r ,  by  t h e  FF r u l e  : -
d ti d q d l o g ^  i
 S. =  ~  x   $   E q u a t i o n  3
d T d l o g  i  d T°e
S u b s t i t u t i n g  t h e  r i g h t - h a n d  t e r m s  o f  e q u a t i o n s  1 a n d  2 i n  t h e  
r i g h t - h a n d  s i d e  o f  e q u a t i o n  3 i we o b t a i n
d x\  RT AGla  x  ~
d  T a z F  RT2
azFT
- E q u a t i o n  k
A c c o r d i n g l y  : -
a  = RT d l o g 10 i  . 2 . 3 0 3
d r\ . zFcl
-----------E q u a t i o n  3
1 0 3
a n d Z \ G = £i:=  d oczFTx  Equation 6
d T
b ) . I n a p p l i c a b i l i t y  o f  t h e  T a f e l  R e l a t i o n s h i p .
The l o g a r i t h m i c  r e l a t i o n s h i p  b e t w e e n  t\ a n d  i ,  a l r e a d ycl
d e r i v e d ,  i s  n o t  o b e y e d  e x p e r i m e n t a l l y  f o r  s m a l l  v a l u e s  o f
E x p l a n a t i o n s  o f  t h i s  c a n  be  d e r i v e d  on t h e  b a s i s  t h a t ,  a t  low
o v e r p o t e n t i a l ,  t h e  r e v e r s e  e l e c t r o d e  r e a c t i o n : -
Cu , n -------> Cu.m e t a l  i o n s
h i t h e r t o  i g n o r e d ,  becomes  s i g n i f i c a n t .
I f  a  i s  t h e  f r a c t i o n  o f  r\ a s s i s t i n g  t h e  d e p o s i t i o ncl
o f  c o p p e r ,  t h e n  ( l-oc)  i s  t h e  f r a c t i o n  c o n c e r n e d  w i t h  t h e  r e ­
v e r s e ,  o r  d i s s o l u t i o n ,  r e a c t i o n .  H e n c e ,  N, v a l u e  u s e d  i n  t h i s  
T a f e l  d e r i v a t i o n  w i l l  be r e d u c e d  by  a  f u n c t i o n  o f  ( l - a ) .
*  •  k  1  - ( . A g - octi zF)/RT -(^G+a-cOn zF)/RT1 — e a  1,1 '■ e a
N2
—XBut, e a p p r o x .  = 1 - x ,
, . i RTk = ti N o  zF , a i
Accordingly, at low overpotentials, ti is linearly related to 
the current density. The slope of this relationship is shown for 
some of the experiments on p. 96 , and in general linearity was
not obeyed above 20 mV.
Transfer Coefficient Data
From e q u a t i o n  5 ,  i t  f o l l o w s  t h a t
a  = 8 . 3 1 ^  x 2 . 3 0 3  x T d l o g ,  0 i
--------------------------------- x    E q u a t i o n  7
96 ,300 d “n' a
1 0 4
a s s u m i n g  t h a t  t h e  v a l e n c y  i n v o l v e d  i n  t h e  r a t e - d e t e r m i n i n g  s t e p  
i s  u n i t y .
D a t a  f o r  t h e  T a f e l  s l o p e s ,  d l o g ,  0 i  /  d r\ , showncl
on p .96 1 c a n  now be  s u b s t i t u t e d  i n  e q u a t i o n  7 t o  o b t a i n  t h e
f o l l o w i n g  v a l u e s  o f  a  a t  v a r i o u s  e x p e r i m e n t a l  t e m p e r a t u r e s  u s e d : -
T a b l e  9 .  V a l u e s  o f  t h e  T r a n s f e r  C o e f f i c i e n t ,  a .
) l u t i o n x 20°C I 25°
OO 
! 
fA 
i1
35° 40°  ! -1
■l
50°
AM _ | 0 . 1 9 5 — —
r
I
-
AN 0 . 2 9 0 i 0.295i 0 . 2 2 5 0.228 0.232 j 0 . 2 4 0
AO 0*290 ! 0.295 0.300 0 . 3 0 5 0.310 !i 0.320
AP 0*328 i 0 . 3 3 5[ 0 . 3 4 0 0 . 3 4 5 0.352 i 0.362
AQ 0 . 3 7 ! o . 3 4 o 0 . 3 2 4 - ! -
BN 0 . 3 5 4 | 0.369 0 . 3 6 9 0.376 0 . 3 5 7  i 0.368
BO 0 . 3 7 7 ! 0.369 0 . 3 3 7 0.326 0.310 !s 0.320
BP 0 . 3 6 3 I 0.369 0 . 3 7 6 0.367 0.357 1 0 . 3 5 9
CN 0 . 3 6 3 ' 0.355I 0 . 3 6 1 0.342 0.323 ; 0 . 4 0 0
CO 0 . 3 7 7 ! 0.369 0 . 3 6 7 0.345 0 . 3 1 7  i\ 0 . 3 2 7
CP 0 . 4 3 0 ‘ o . 4 i 4 0.380 0.367 0.342 i 0 . 3 5 3
DN O.387 j 0.384 0 . 3 9 1 0.373 0.357 !
j
-
DO 0.436 ! 0.443 0 . 4 3 0 0.428 0.398 ] 0 . 3 3 3
DP 0 . 4 7 5 i 0.483 0 . 4 9 1 0 . 4 6 4 0.435 1 0 . 4 3 3
EN 0 . 3 9 5 | 0.443 0 . 4 2 1 - _ _  Ii -
EO 0 . 4 3 0 ! 0.426 0 . 4 2 1 0 . 4 2 8 0.435 !
1
0 . 5 1 3
EP 0 . 5 2 3 | 0.494
i!
1
0.502 0.510 0.512 ;
1
i
0 . 5 3 2
+I n  v i e w  o f  a n y  g r a p h i c a l  e r r o r s  i n v o l v e d  i n  o b t a i n i n g  t h e  
T a f e l  s l o p e s , f i g u r e s  a f t e r  t h e  s e c o n d  d e c i m a l  p l a c e  may be 
o m i t t e d .
x  -  S o l u t i o n  c o m p o s i t i o n s  a r e  d e t a i l e d  i n  T a b l e  3«
1 0 5
E f f e c t  o f  P l a t i n g  V a r i a b l e s  on a
a ) .  The f o l l o w i n g  i s  a  summary o f  t h e  e x p e r i m e n t a l  d a t a
f o r  t h e  s o l u t i o n s  AM t o  EP
V a r i a b l e  E f f e c t  on a
1* I n c r e a s e  i n  c o p p e r  I n c r e a s e d ,  i r r e s p e c t i v e
s u l p h a t e  c o n c e n t r a t i o n  o f  a c i d i t y .
2 .  I n c r e a s e  i n  s u l p h u r i c  I n c r e a s e d  i n  t h e  more
a c i d  c o n c e n t r a t i o n  c o n c e n t r a t e d  s o l u t i o n s ,
3 .  I n c r e a s e  i n  t e m p e r a t u r e  No d e f i n i t e  t r e n d ,
b ) .  D i s c u s s i o n  o f  t h e s e  e f f e c t s .
From e q u a t i o n  3» p . l ° 3  * i t  c a n  be  s e e n  t h a t , a t  any  
g i v e n  t e m p e r a t u r e  a n d  c u r r e n t  d e n s i t y ,  a  s h o u l d  be p r o p o r t i o n a l  
t o  t h e  e a s e  o f  c o p p e r  d e p o s i t i o n .  Any i n c r e a s e  i n  t h e  c o p p e r  i o n  
c o n c e n t r a t i o n  i n  t h e  b u l k  p l a t i n g  s o l u t i o n  w o u ld  be  e x p e c t e d  t o  
f a c i l i t a t e  t h e  c a t h o d i c  r e a c t i o n
Cu -   Cu , -i o n s  ^  m e t a l
I f  t h i s  p o s t u l a t e  i s  t e n a b l e ,  an d  t h e  s u p p l y  o f  c o p p e r  i o n s  f o r
d e p o s i t i o n  i s  i n f l u e n c e d  by  t h e  u s u a l  i n t e r - i o n i c  f a c t o r s ,  t h e n
CuS(\ c o n c e n t r a t i o n  f  a r s h o u l d  be  l i n e a r .
The l i n e a r i t y  o f  t h i s  r e l a t i o n s h i p  i s  shown i n  F i g .  2 8 .
The e f f e c t  2 a b o v e  d o e s  n o t  l e n d  i t s e l f  t o  a n y  s i m p l e  
e x p l a n a t i o n .  I t  i s  c l e a r  t h a t  t h e  e f f e c t  o f  s u l p h u r i c  a c i d ,  i n  
s u p p r e s s i n g  t h e  d i s s o c i a t i o n  o f  c o p p e r  s u l p h a t e ,  m us t  be  s m a l l  
o t h e r w i s e  a n  o p p o s i t e  e f f e c t  w ou ld  h a v e  b e e n  o b s e r v e d .
No e x p l a n a t i o n  seem s  p o s s i b l e  c o n c e r n i n g  e f f e c t  3*
A l i n e a r  r e l a t i o n s h i p  h a s  b e e n  f o u n d 2 5 w h ic h  c o u l d  n o t  be  e x ­
p l a i n e d ,  b u t  i n  t h i s  c a s e  t h e  r e s u l t s  may h a v e  b e e n  p r o d u c e d  
by  t h e  u s e  a n  i r r e p r o d u c i b l e  s u b s t r a t e  ( i . e .  S ,S , D »  m e t h o d ) .
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Transfer Coefficient, a.
c ) .  S i g n i f i c a n c e  o f  t h e  V a lu e  c f  a ,
The e x p e r i m e n t a l  v a l u e s  r a n g e  f rom  a p p r o x i m a t e l y  0 , 3  
t o  0 , 3  f o r  a  wide  r a n g e  o f  s o l u t i o n  c o m p o s i t i o n  an d  t e m p e r a t u r e .  
C e r t a i n  d i a g n o s t i c  c r i t e r i a  have  b e e n  p r o p o s e d  w h e r e b y  i t  s h o u l d  
be p o s s i b l e  -co a s s & i g n  a c e r t a i n  r a t e - d e t e r m i n i n g  s t e p  f o r  t h e  
d e p o s i t i o n  p r o c e s s  d e p e n d i n g  on t h e  v a l u e  o f  a1 , T h u s ,  i f  a  
s y m m e t r i c a l  e n e r g y  b a r r i e r  i s  a s s u m ed  t o  e x i s t  an d  t h a t  t h e  
v a l e n c y  o f  t h e  s p e c i e s  i n v o l v e d  i n  t h e  r a t e - d e t e r m i n i n g  s t e p  
i s  u n i t y ,  t h e n  a  v a l u e  o f  a  = 0 , 3  i n d i c a t e s  t h a t  t h e  r a t e - s t e p  
w o u ld  be  ” i o n i c  t r a n s f e r  f rom  a  s o l v a t i o n  s h e a t h  i n  t h e  Helm­
h o l t z  l a y e r  t o  t h e  m e t a l  p h a s e  11.
F u r t h e r  d i s c u s s i o n  o f  t h e  o v e r a l l  d e p o s i t i o n  s t e p s  w i l l  
be  made l a t e r .
A c t i v a t i o n  E n e rg y  D a ta
I n  o r d e r  t o  f i n d  Aft f o r  a n y  g i v e n  t e m p e r a t u r e , an d  
f o r  t h e  T a f e l  s l o p e ,  e q u a t i o n  6 ,  p. lO^f , c a n  be  u t i l i s e d : -
^  x a 2 ~^ " . c a l / g  a t o m . -------E q u a t i o n  8
d T A . 18
H e n c e ,  f o r  e a c h  s o l u t i o n  a  p l o t  o f  Tj v e r s u s  t e m p e r a t u r e  
was d rawn up f o r  a  d e f i n i t e  c u r r e n t  d e n s i t y .  The f o l l o w i n g  F i g ­
ure" i s  t y p i c a l  o f  t h e  fo rm  o f  t h e s e  p l o t s  b a s e d  on t h e  e x p e r i ­
m e n t a l  d a t a
F i g .  2 9 .  V a r i a t i o n  o f  ti w i t h  T e m p e r a t u r e .cl
T e m p e r a t u r e  °C
The d i r e c t i o n  o f  c u r v a t u r e  i n f e r s  a  ; n e g a t i v e  s i g n
o f  t h e  r i g h t - h a n d  s i d e  o f  e q u a t i o n  8 ,  p . 1 0 8  .H o w e v e r ,  l e s s  p r e ­
c i s e  w o rk ?70 showed t h a t  t\ d e c r e a s e d  l i n e a r l y  w i t h  r i s e  i ncl
t e m p e r a t u r e ,  an d  a l s o  t h a t  t h e  t e m p e r a t u r e  e f f e c t  was i n d e p e n ­
d e n t  o f  t h e  c o p p e r  s u l p h a t e  c o n c e n t r a t i o n .
T h u s ,  i n  t h e  a b o v e  d i a g r a m ,  t a n g e n t  X Y g i v e s  t h e  
s l o p e  — d ti f o r  30°C.Q.
d T
The f o l l o w i n g  t a b l e  s u m m a r i s e s  t h e  X Y s l o p e s  o f  t h e
g r a p h i c a l  d a t a  o b t a i n e d  f o r  a  c u r r e n t ' ' d e n s i t y  o f  2 A/dm2
1 0 9
S a b l e  1 0 .  V a l u e s  o f - d t ^ /  dT.
XS o l u t i o n 25 °C 3 0 ° 3 5 °
AN oVoo~47~ v / ° ~ ~ ~ 6 ’. oo39~ ~~ "6 7 6 0 3 2
AO 0 . 0 0 4 2 0.0035 0.0030
AP 0 . 0 0 3 9 0.0030 -
AQ 0.0050 0 . 0 0 4 3 0.0033
BN 0 . 0 0 4 2 0 . 0 0 4 1 0 . 0 0 4 0
BO o , o o 4 4 0.0043 0 . 0 0 4 2
BP 0 . 0 0 4 3 0.0036 0.0028
CN 0 . 0 0 4 6 0.0038 0.0031
CO 0.004-2 0.0036 0.0032
CP 0 . 0 0 4 7 0.0037 0,0027
DN 0 . 0 0 4 8 0 . 0 0 4 3 0.0037
DO 0.0039 . 0.0036 0.0033
DP 0.0037 0.0035 0.0030
EN 0.0032 0.0030 0.0029
EO 0.0035 0.0032 0.0031
EP 0.0036 0.0032 0,0028
.L _ .. —* - • • 1
x -  S o l u t i o n  c o m p o s i t i o n s  d e t a i l e d  i n  T a b l e  5 j
H en ce ,  s u b s t i t u t i n g  t h e s e  v a l u e s  i n  e q u a t i o n  8 ,  p .  
t h e  f o l l o w i n g  v a l u e s  o f^G *  were  o b t a i n e d
T a b l e  1 1 .  V a l u e s  o f  A c t i v a t i o n  E n e r g y .
•jr
S o l u t i o n 25 ° c  j 3 0 ° 3 3 °
AN 95^0  c a l  ij 6130 3180
AO 8520 J 73^0 63O O
AP 9120  i . 6790 -
AQ 11920 ii 10220 8096
BN 10660 ! 10380 10700
BO 11170  j 10130 9 7 3 0
BP 10920  1 9k?o 7 1 3 0
CN
|
112^ -0 ; 9 3 9 0 7 3 ^ 0
CO 10660 11 92kO . 78^0
CP 10290 j 9830 70^0
DN 12670 | 11880 9810
DO 11900 !\ 12930 100^-0
DP 10220 i 12020 9890
EN 9750 i1 8810 -
ED 10260 J 9 3 9 0 9^30
EP 12290 ! 11230 10160
j I n  g e n e r a l  a  r e p r o d u c i b i l i t y  no b e t t e r  t h a n  +_ 3%
i was o b s e r v e d  owing  t o  g r a p h i c a l  e r r o r s  -  t h e  e x t r a
i
{ s i g n i f i c a n t  f i g u r e s  a r e  shown f o r  t h e  s a k e  o f  com-
i
i p l e t e n e s s .
r x  -  S o l u t i o n  c o m p o s i t i o n s  d e t a i l e d  i n  T a b l e  5«
E f f e c t  o f  P l a t i n g  V a r i a b l e s  on /Sfi
a ) .  The f o l l o w i n g  i s  a  summary o f  t h e  a b o v e  e x p e r i m e n t a l  
d a t a  : -
V a r i a b l e  E f f e c t  on
1 ,  I n c r e a s e  i n  D e c r e a s e d  a p p r o x i m a t e l y  10% f o r
t e m p e r a t u r e ,  e a c h  5 ° 0  r i s e ,
V a r i a b l e  E f f e c t  o n i^ d
2 ,  I n c r e a s e  i n  c o p p e r  I n c r e a s e d ,  
s u l p h a t e  c o n c e n t r a t i o n .
3 .  I n c r e a s e  i n  s u l p h u r i c  I n c r e a s e d ,  
a c i d  c o n c e n t r a t d o n .
b ) ,  D i s c u s s i o n  o f  t h e s e  e f f e c t s .
The e f f e c t  o f  t e m p e r a t u r e  c h a n g e  i s  t o  be e x p e c t e d  
s i n c e  a n  i n c r e a s e  i n  t e m p e r a t u r e  n o t  o n l y  r a i s e s  t h e  m o s t  p r o b ­
a b l e  v e l o c i t y  o f  a  d e p o s i t i n g  c o p p e r  i o n  b u t  a l s o  t h e  p r o p o r t i o n  
o f  c o p p e r  i o n s  h a v i n g  t h e  h i g h e s t  v e l o c i t i e s .
No s i m p l e  e x p l a n a t i o n s  o f  t h e  e f f e c t s  2 ,  an d  3» a r e  
p r o p o s e d .  I r r e s p e c t i v e  o f  t h e  e f f e c t  o f  t h e s e  v a r i a b l e s  on t h e  
f a c t o r  d r\ , i t  c a n  be  s e e n  t h a t  A d  i s  p r o p o r t i o n a l  t o  a
d T
f rom  e q u a t i o n  8 ,  C o n s e q u e n t l y  a n y  c o n s i d e r a t i o n s  made m us t  i n ­
c l u d e  r e f e r e n c e  t o  t h e  s i g n i f i c a n c e  o f  a .
c ) .  S i g n i f i c a n c e  o f  t h e  v a l u e  o f  AGr\
The e x p e r i m e n t a l  v a l u e s  o f  f o u n d  a b o v e  r a n g e  f rom
a p p r o x i m a t e l y  8 . 5  C a l  t o  1 2 . 5  C a l / g  a t o m .  I t  h a s  b e e n  shown1 9
t h a t , w h e n  r\ i s  l e s s  t h a n  0 . 1  V, t h e  r a t e - d e t e r m i n i n g  s t e p s  f o r  a
d e p o s i t i o n  o f  c o p p e r  c o u l d  be i o n i c  t r a n s f e r  a n d  t h e  s u r f a c e
d i f f u s i o n  o f  a d i o n s , e a c h  s t e p  b e i n g  a s s o c i a t e d  w i t h  a  o f
10 -  15 C a l / g  a t o m .  I t  was f u r t h e r  shown t h a t  when r\ i s  g r e a t e ra
t h a n  0 , 1  V . t h e  r a t e - d e t e r m i n i n g  s t e p  i s
Cu 2 + -—: Cu+ .
H ow ever ,  no s u c h  e v i d e n c e  o f  a  c h a n g e  i n  t h e  r a t e - d e t e r m i n i n g  
s t e p  was o b s e r v e d  i n  t h e  e x p e r i m e n t a l  d a t a  s o  f a r  p r e s e n t e d  ( i . e .  
f o r  s o l u t i o n s  AN t o  E P ) . F u r t h e r m o r e ,  no s u c h  a  c h a n g e  h a s  b e e n  
r e p o r t e d  i n  a n y  p u b l i s h e d  d a t a  by  o t h e r  w o r k e r s .  T h i s  p o i n t  
w i l l  be d i s c u s s e d  f u r t h e r  i n  t h e  s e c t i o n  d e a l i n g  w i t h  t h e  b e ­
h a v i o u r  o f  s u p e r - p u r e  s o l u t i o n s .
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P r o p e r t i e s  o f  S u p e r - p u r e  S o l u t i o n s
a ) .  T a f e l  b e h a v i o u r .
R e s u l t s  o b t a i n e d  f o r  t] -  i  r e l a t i o n s h i p s  o f  0 . 5  M
3.
CnSOk + 0 . 5  M Hg SO/, a r e  shown i n  F i g .  30 . • F o r  c o m p a r i s o n ,
a  p l o t  i s  shown f o r  t h e  same s o l u t i o n  c o n t a i n i n g  10 ppm. o f
c h l o r i d e  i o n s ( w h i c h  i s  i d e n t i c a l  f o r  a  s o l u t i o n  p r e p a r e d  by
t h e  a c t i v e  c a r b o n  an d  h y d r o g e n  p e r o x i d e  p u r i f i c a t i o n  m e t h o d ) .
The i n t e r s e c t i o n  o f  two d i s t i n c t  l i n e a r  T a f e l  s l o p e s
a t  a p p r o x i m a t e l y  ti = 0 , 1  V was o b s e r v e d  f o r  a  w ide  r a n g e  o fa
c o n c e n t r a t i o n  o f  a c i d  c o p p e r  s u l p h a t e  s o l u t i o n s  f r e e  o f  c h l o r i d e  
i o n s .  A c u r v e d  T a f e l  r e l a t i o n s h i p  was f o u n d , h o w e v e r , when t h e  
S . S . D .  m e th o d  was u s e d  f o r  t h e s e  s u p e r - p u r e  s o l u t i o n s .
b ) .  D a t a  f o r  /\jp  an d  a .
The f o l l o w i n g  t a b l e s  su m m a r i s e  t h e  v a l u e s  f o r  0.5M 
CuSO* + 0.5M H2 S0/,
T a b l e  1 2 .
D a t a  „f or ._the_ u p p e r _ l i n e a r  _Taf  e 1 s l o p e  . _
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The c o r r e s p o n d i n g  v a l u e s  a t  23°C f o r  t h e  s o l u t i o n  
c o n t a i n i n g  b e t w e e n  1 - 1 0  ppm c h l o r i d e  i o n s  a r e : -
cx = 0 . 4 7 .  / \ ' G = 1 2 . 9  C a l .  -  f o r  t h e  s i n g l e  T a f e l  s l o p e
c ) .  D i s c u s s i o n  o f  r e s u l t s .
I t  h a s  b e e n  p o s t u l a t e d 1 9 95 , an d  i n d i r e c t l y  e x p e r i ­
m e n t a l l y  e v i d e n c e d 5 7 , t h a t  a s  t h e  c u r r e n t  d e n s i t y  i s  i n c r e a s e d  
a  new r a t e - d e t e r m i n i n g  s t e p  s h o u l d  become o p e r a t i v e  a b o v e  r\a
o f  0 . 1  V. T h a t  i s ,  b e l o w  ti = 0 . 1  V t h e  r a t e  s t e p  s h o u l d  be7 a
i o n i c  t r a n s f e r  ( o r  s u r f a c e  d i f f u s i o n  o f  a d i o n s ) ,  an d  a b o v e  ti =
c l•f* *4"•0.1 V t h e  r a t e  s t e p  s h o u l d  be  Cu2 — ~>-Cu .
The r e s u l t s  r e p o r t e d  a b o v e  f o r  s u p e r - p u r e  s o l u t i o n s  
a r e  p r o p o s e d  a s  p r o v i d i n g  i m p o r t a n t  e v i d e n c e  i n  s u p p o r t  o f  t h e s e  
p r e d i c t i o n s  c o n c e r n i n g  t h e  o p e r a t i v e  r a t e  s t e p s .
The e f f e c t  o f  t r a c e s  o f  c h l o r i d e  i o n s  may be  a s c r i b e d  
t o  t h e  p a r t  p l iayed  i n  t h e i r  f o r m a t i o n  o f  a  t r a n s i e n t  c h l o r o -  
a q u o  c u p r o u s  c o m p le x  i o n  w h ic h  i s  s t a b l e  enough  t o  a f f e c t  t h e  
two d i s t i n c t  l i n e a r  T a f e l  s l o p e s  n o r m a l l y  o b s e r v e d  f o r  s u p e r  - p u r e  
s o l u t i o n s .  The m e c h a n i s m  o f  t h e  e f f e c t  o f  c h l o r i d e  i o n s  w i l l  be
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discussed further on
It is apparent that the effect of traces of chloride 
ions has not been appreciated before and that all the purification 
techniques employed by different workers have not ensured the 
elimination of this contaminant.
Effect of Chloride ions in Super-pure Solutions
a). Effect on r\ (steady state conditions)ci
The R.S. method was used for studying a range of acid
copper sulphate solutions which, in the super-pure state were
a s s u m e d  t o  be f r e e  o f  c h l o r i d e  i o n s .  F i g s . 31? 32 , w h ic h  show
plots of T] versus chloride ion concentration, are typical ina
illustrating the marked depolarising effect of trace amounts of 
chloride ions. The following solutions were used to obtain the 
plots shown herej-
Fig 4 31 , 0.123M CuS(\ + 0.5M Hj, SO* at 1.0 A/dm2 and
23 °C.
Fig. 32 , 0.5M CuCO^* 0,3M H2 SOi, at 2.2 A/dm2 and 23°C,
The plots also show that conventional methods2k8 of removing 
chloride ions by the addition of, for example, silver sulphate 
may not completely remove all chloride ions. Thus, silver chloride 
is sufficiently soluble (and assuming complete dissociation ) 
to produce approximately 0*4 ppm of chloride ions.
It may be possible,however, that chloride ions can be 
removed as chlorine gas during pre-electrolysis of the plating 
solution using a platinum anode2*19. This may explain why it was 
observed that such pre-electrolysis of solutions prepared from 
recrystallised copper sulphate markedly affected the values of 
a and i0 9 5 .
b ) .  Effect on T|  versus time,&
F i g . 20  i s  t y p i c a l  i n  s h o w i n g  t h e  e f f e c t  o f  v a r i o u s
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c o n c e n t r a t i o n s  o f  d e l i b e r a t e l y  a d d e d  c h l o r i d e  i o n s .  The R . S .  
m e thod  was u s e d  b u t  no p r e f o r m  c u r r e n t  was a p p l i e d .  The F i g . E O  
r e f e r s  t o  a  s o l u t i o n  o f  O.fjM CuSO^ + 0.5M H2 S ( \  a t  25 °C, a n d  2A/dm2 * 
Each r e c o r d i n g  o f  r\ was commenced a f t e r  d e p l a t i n gcl
and t h e  a p p r o p r i a t e  a d d i t i o n  o f  c h l o r i d e  io n s ' .
I n  g e n e r a l ,  t h e  t i m e  t a k e n  t o  r e a c h  t h e  s t e a d y  v a l u e ,
t h e  s t e a d y  v a l u e  i t s e l f , a n d  t h e  fo rm  o f  t h e  r\ -  t i m e  r e l a t i o n -a
s h i p  w ere  a l l  m a r k e d l y  a f f e c t e d  by  t h e  p r e s e n c e  o f  t r a c e  a m o u n ts  
o f  c h l o r i d e  i o n s .
I t  i s  b e l i e v e d  t h a t  t h e  s t e a d y  s t a t e  v a l u e  o f  r\ i s3.
r e a c h e d  o n l y  when t h e  w ho le  p l a t i n u m  s u r f a c e  i s  c o v e r e d  by a 
d e p o s i t  o f  c o p p e r .  F u r t h e r m o r e ,  d e p o s i t i o n  o f  c o p p e r  a p p e a r s  t o  
o c c u r  p r e f e r e n t i a l l y  a t  g r a i n  b o u n d a r i e s  -  s e e  F i g .  18 , a n d
t h e  u n f a v o u r a b l e  p l a n a r  g r o w th  s i t e s  a r e  t h e  l a s t  t o  be c o v e r e d  
w i t h  c o p p e r .  A c c o r d i n g l y ,  t h e  e f f e c t  o f  c h l o r i d e  i o n s  i n  l o w e r i n g  
t h e  t i m e  r e q u i r e d  t o  r e a c h  t h e  s t e a d y  s t a t e  v a l u e  o f  r\ may be 
e x p l a i n e d  a s  f o l l o w s .  The d e p o l a r i s i n g  e f f e c t  o f  c h l o r i d e  i o n s ,  
a l r e a d y  m e n t i o n e d  i n  c o n n e c t i o n  w i t h  i m p u r i t i e s ,  h a s  b e e n  a t t r i b u t e d  
t o  t h e i r  a c t i o n  i n  f a c i l i t a t i n g  t h e  t r a n s f e r  o f  e l e c t r o n s  a t  t h e  
c a t h o d e  s u r f a c e 21*6 . I t  i s  p o s s i b l e  t h a t  c h l o r i d e  i o n s  may e n ­
c o u r a g e  t h e  c r y s t a l l i s a t i o n  o f  c o p p e r  a t  t h e  o t h e r w i s e  u n f a v o u r ­
a b l e  p l a n a r  s i t e s  -  t h i s  w o u ld  r e s u l t  i n  a  s m a l l e r  number  o f  c o u ­
lom bs  r e q u i r e d  t o  p r o d u c e  a  'S bn t . Inuous  . -depos i t  of '  c o p p e r . '
c ) .  M echan ism  o f  d e p o l a r i s i n g  a c t i o n  o f  c h l o r i d e  i o n s .
T h i s  a c t i o n  may be  due t o  t h e  f o r m a t i o n  o f  a  t r a n s i e n t  
c u p r o u s  c h l o r o - a q u o  c o m p le x  i n  t h e  c a t h o d i c  p r o c e s s : -
Cu2 +  Cu+ Cu , - .m e t a l
A l t h o u g h  i t  i s  b e l i e v e d 22 t h a t  c h l o r o - a q u o  c o m p le x e s  p o s s e s s  c o ­
o r d i n a t e  b o n d s  t h a t  a r e  s t r o n g e r  t h a n  t h o s e  p r e s e n t  i n  t h e  aquo
s p e c i e s ,  t h e  f o r m e r  c o m p le x e s  r e q u i r e  l e s s  a c t i v a t i o n  f o r  d i s s o c - .
i a t i o n  due t o  t h e  l a b i l i s i n g  e f f e c t  o f  t h e  c h l o r i d e  i o n  r e s u l t i n g  
f rom  a  ,ft r a n s  e f f e c t " .  The f o l l o w i n g  e q u a t i o n 2- ;^7 h a s  b e e n  i n v o k e d : -
119
A g  = -  (x + X -  W) ,
where,
/\G = The difference in free energy of reaction between
the copper ion and co-ordinating groups in the 
solution, and that of the copper ion and electrons 
of the cathode, 
z = number of electrons involved in the cathode re­
action,
x = sublimation energy (lattice energy of the copper
crystals,
I = sum of the appropriate ionisation energies,
W = co-ordination energy.
It has been proposed that the increased stability of the chloro- 
aquo complex, compared with that of the aquo complex, increases 
W in the above equation and consequently decreases /^ cTand t\ .
The existence of the postulated cuprous chlorc-aquo
complex is indicated by the fact that the presence of chloride 
ions can render benzotriazole ineffective as an addition; agent.
There is also polarographic evidence261 which shows that chloride 
ions can stabilise the cuprous state sufficiently for a two-step 
process to be observed during the deposition of copper from a 
solution of cupric ions.
Galvanostatic Deposition of Copper on Platinum - variation of q /time.
3l
In the P.S. method it is desirable to attain a steady
value of T[ as soon as possible after the application of any givencl
constant current density. The results discussed below are due 
to,studies carried out with a view to minimising any variations 
of q with time, and path B in the diagram below depicts the 
ideal relationship,
a). General considerations.
When copper is deposited on to platinum from a solution
1 2 0
c o n t a i n i n g  c h l o r i d e  i o n s  a t  a  c o n c e n t r a t i o n  b e lo w  o r  ab o v e  t h e
l i m i t s  i n d i c a t e d  i n  F i g .  20  , t h e n  t\ w i l l  v a r y  w i t h  t i m e ,  ' thusa
F i g .  3 3 .  Exam ples  o f  v a r i a t i o n ’ o f  ti w i t h  t i m e .
T- %
A
~6
Time A x is  -  n o t  t o  s c a l e .
T-, -  E s t a b l i s h m e n t  o f  t h e  d o u b l e  l a y e r  w h ic h  may be  c o m p l e t e d  
w i t h i n  a  f r a c t i o n  o f  a  s e c o n d .
T2 -  May p e r s i s t  f o r  s e v e r a l  m i n u t e s  and  i t s  m a g n i t u d e  c a n  d e p e n d  
on :
A. P r o p e r t i e s  o f  t h e  p l a t i n u m  s u b s t r a t e  s u c h  a s  c r y s t a l  
o r i e n t a t i o n  a n d  s i z e ,  d e f e c t s 272 , t h i c k n e s s  o f  t h e  
c o p p e r  d e p o s i t  an d  c u r r e n t  d e n s i t y ,
B. P r o p e r t i e s  o f  t h e  s o l u t i o n  s u c h  a s  t h e  p r e s e n c e  o f  
c o - d e p o s i t a b l e  i m p u r i t i e s  ( e . g .  i o n s  o f  a  more n o b l e  
m e t a l ) ,  n o n - d e p o s i t a b l e  i m p u r i t i e s  h a v i n g  c e r t a i n  pow ers  
o f  c o m p l e x i n g  o r  a d s o r p t i o n  s i g n i f i c a n t  i n  t h e  c a t h o d e  
p r o c e s s ,  a n d  c o n c e n t r a t i o n  p o l a r i s a t i o n 26 ,
T3 -  R e p r e s e n t s  t h e  a t t a i n m e n t  o f  a  s t e a d y  s t a t e  w hich  may l a s t
a s  l o n g  a s  one h o u r  i f  t h e  e l e c t r o l y t e  i s  p u r e  and  i f  t h e
c a t h o d e  s u r f a c e  a r e a  d o e s  n o t  c h a n g e  s i g n i f i c a n t l y ,
T^  -  At t h i s  s t a g e  a  f a l l  o f  r\ i s  i n v a r i a b l y  o b s e r v e d  due t oa
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f a c t o r s  s u c h  a s  r o u g h e n i n g  o f  t h e  c a t h o d e  s u r f a c e ,  a c c u m u l a t i o n  
o f  i m p u r i t i e s  i n  t h e  s o l u t i o n  ( e s p e c i a l l y  f ro m  t h e  a t m o s p h e r e ) ,  
a n d  s i g n i f i c a n t  c h a n g e s  i n  t h e  c o n c e n t r a t i o n  o f  c o p p e r  s u l p h a t e  
o r  s u l p h u r i c  a c i d  p a r t i c u l a r l y  w here  t h e  c a t h o d e  an d  a n o d e  e f f i c ­
i e n c i e s  a r e  d i f f e r e n t .
b ) .  I n i t i a l  c r y s t a l  g r o w t h  of- c o p p e r  on p l a t i n u m .
F i g .  l 8 ( a , b )  t y p i f i e s  t h e  r e s u l t s  o b t a i n e d  i n  d e p o s i t i n g  
c o p p e r  on t o  a  l i g h t l y  e t c h e d  p l a t i n u m  s u b s t r a t e  a n d  s t o p p i n g  
d e p o s i t i o n  when t h e  s t e a d y  ti was a t t a i n e d .  F i g .  l 8 b  n o t  o n l ySL
shows how i n i t i a l  c o p p e r  g r o w t h  i s  c o n c e n t r a t e d  a t  t h e  p l a t i n u m  
c r y s t a l  b o u n d a r i e s  b u t  a l s o  how t h e  fo rm  o f  d e p o s i t  i s  a f f e c t e d  
by  t h e  o r i e n t a t i o n  o f  t h e  s u b s t r a t e .  T h i s  g r o w t h  b e h a v i o u r  a s s i s t s  
i n  p r o v i d i n g  a  p o s s i b l e  e x p l a n a t i o n  f o r  some o f  t h e  f a c t o r s  a f f e c t ­
i n g  T2 ( F i g j  . 3 3 ) .
I t  h a s  b e e n  p o s t u l a t e d 1 9 f ro m  e n e r g y  c o n s i d e r a t i o n s  
t h a t  l a t t i c e  b u i l d i n g  o f  c o p p e r  d u r i n g  e l e c t r o c r y s t a l l i s a t i o n  i s  
a c c o m p l i s h e d  by s u r f a c e  d i f f u s i o n  o f  t r a n s f e r r e d  a d i o n s  ( i n i t i a l l y  
a r r i v i n g  a t  a  p l a n a r  s i t e  ) t o  e d g e s ,  s t e p s  o r  k i n k s  on t h e  s u b ­
s t r a t e .  The p r o p o r t i o n  o f  s u c h  d e f e c t s  w o u ld  be  h i g h e r  a t  c r y s t a l  
b o u n d a r i e s  a n d  may a l s o  be  p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  c o l d -  
w ork  c a r r i e d  o u t  on  t h e  p l a t i n u m  s u b s t r a t e .  A c c o r d i n g l y ,  t h e  
g r e a t e r  t h e  l o c a l i s e d  g r o w th  o f  c o p p e r  a t  s u c h  d e f e c t s  t h e  g r e a t e r  
w i l l  be  t h e  c h a r g e  n e c e s s a r y  t o  p r o d u c e  a  c o n t i n u o u s  d e p o s i t  o f  
c o p p e r  on t h e  p l a t i n u m .  U n t i l  t h e  s u r f a c e  o f  t h e  p l a t i n u m  i s
c o m p l e t e l y  c o v e r e d  w i t h  c o p p e r  t h e n  r\ c a n  be  e x p e c t e d  t o  v a r ya
w i t h  t i m e  u n d e r  g a l v a n o s t a t i c  c o n d i t i o n s  s i n c e  a  d i s c o n t i n u o u s
d e p o s i t  w i l l  p r o d u c e  a  m ix ed  e l e c t r o d e  p o t e n t i a l .  T h i s  m e chan ism
Id co f  v a r i a t i o n  o f  ti w i t h  t i m e 274 ’ i s  i n d i c a t e d  by  t h e  f a c t s  t h a t -
a
a n y  g i v e n  p l o t  T2 c a n  be  r e t r a c e d  w i t h o u t  h y s t e r e s i s  i n  e i t h e r  
d i r e c t i o n  d u r i n g  c y c l i c  a n o d i c  a n d  c a t h o d i c  t r e a t m e n t s ,  a n d  a  
c o n s t a n t  number  o f  c o u l o m b s ,  w i t h i n  a  w ide  r a n g e  o f  c u r r e n t  d e n ­
s i t y ,  i s  r e q u i r e d  f o r  t\ t o  r e a c h  a  s t e a d y  v a l u e .
c ) .  P r a c t i c a l  ways o f  r e d u c i n g  t h e  T2 i n t e r v a l .
The a b o v e  c o n s i d e r a t i o n s  a n d  r e s u l t s  i n d i c a t e d  t h e
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m os t  l i k e l y  a n d  c o n v e n i e n t  ways o f  m i n i m i s i n g  T2 .
A. M e t a l l u r g i c a l  c o n d i t i o n  o f  t h e  p l a t i n u m  s u b s t r a t e .
P l o t s  o f  T2 w ere  r e c o r d e d  f o r  a  r a n g e  o f  e x p e r i m e n t a l
c o n d i t i o n s  w he re  t h e  v a r i a b l e s  i n c l u d e d  h a r d n e s s  o f  t h e  p l a t i n u m ,
c u r r e n t  d e n s i t y  an d  t e m p e r a t u r e .  F i g * l 6  shows t h e  m a rke d  e f f e c t
o f  h a r d n e s s , n a m e ly  t h a t  a  d e c r e a s e  i n  h a r d n e s s  d e c r e a s e d  t h e
m a g n i t u d e  a n d  e x t e n t  o f  t h e  v a r i a t i o n  o f  T| w i t h  t i m e .  H ow ever ,
t h e  d e g r e e  o f  h a r d n e s s  d i d  n o t  a l t e r  t h e  s t e a d y  s t a t e  v a l u e  o f
r\ f o r  an y  g i v e n  c o n s t a n t  c u r r e n t ,  a
G r a i n  s i z e  o f  f u l l y  a n n e a l e d  p l a t i n u m  h a d  no i n f l u e n c e  on 
t h e  p l o t  o f  T2 .
When s o f t  p l a t i n u m  ( e . g .  VoP . N 0 v a l u e  l e s s  t h a n  a b o u t  
80) was c o l d  r o l l e d , o r  p o l i s h e d ,  t h e  i n c r e a s e  i n  d e f o r m a t i o n  o f  
t h e  s u r f a c e 299 p r o d u c e d  t h e  c h a r a c t e r i s t i c  e f f e c t s  on T2 . Quan­
t i t a t i v e l y  i t  w o u ld  be  i n f o r m a t i v e  t o  a t t e m p t  t o  r e l a t e  t h e
e x t e n t  o f  t h e  v a r i a t i o n  o f  ri -  t i m e  w i t h  t h e  d i s l o c a t i o n  d e n s i t ya
o f  t h e  p l a t i n u m  s u b s t r a t e .  However ,  no v a l u e s  o f  d i s l o c a t i o n  
d e n s i t i e s  a p p e a r  t o  h a v e  b e e n  p u b l i s h e d  an d  no s u c h  w ork  h a s  b e e n
c a r r i e d  o u t  by  t h e  m a j o r  p r o d u c e r s 276 .
The e f f e c t  o f  t e m p e r a t u r e  on T2 , u s i n g  a  c o n s t a n t  h a r d ­
n e s s  o f  p l a t i n u m ,  i s  shown i n  F i g .  17 .
33. E f f e c t  o f  p r e f o r m i n g .
F i g . 19  i s  t y p i c a l  o f  a l l  t h e  r e s u l t s  o b t a i n e d  u s i n g
a w ide  r a n g e  o f  e x p e r i m e n t a l  c o n d i t i o n s , an d  s h o w s  t h e  g r e a t
a d v a n t a g e  i n  u s i n g  s u c h  a  s t a g e  t o  m i n i m i s e  T2 . I n  g e n e r a l ,  t h e
s t e a d y  s t a t e  v a l u e  o f  ti was n o t  a f f e c t e d  by t h e  p r e f o r m  c u r r e n ta
d e n s i t y .  F u r t h e r m o r e ,  f o r  a n y  g i v e n  s e t  o f  c o n d i t i o n s ,  t h e  p r e ­
fo rm  c u r r e n t  d e n s i t y  v a l u e  d i d  n o t  a f f e c t  i 0 . I n  t h o s e  c a s e s  
w h e re  c o p p e r  c a t h o d e s  h a v e  b e e n  p r e p a r e d  b y  e l e c t r o d e p o s i t i o n  
b e f o r e  t h e i r  u s e  i n  t h e  e l e c t r o l y s i s  c e l l ,  u s i n g  t h e  S . S . D .  
m e th o d ,  a  v a r i a t i o n  i n  i 0 was f o u n d  w h ic h  d e p e n d e d  on t h e  
c u r r e n t  d e n s i t y  u s e d  i n  p r e p a r a t i o n 82 25 , T h i s  e f f e c t  may h a v e  
b e e n  p r o d u c e d  by  a  c h a n g e  i n  a c t i v e  p l a t i n g  a r e a  o r  s u r f a c e  
t o p o g r a p h y .
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G_. Substrates other than solid platinum.
These included :-
Copper foil plated with 0,001” thick of platinum,
Gold foil, fully hard and etched,
Gold foil, fully soft and etched,
Platinum foil plated with 0.001” thick of platinum. 
Each electrode was employed,instead of solid platinum, to measure 
T2 for. various different experimental conditions.
In general, the steady state values of t\ under stan­
dard conditions were similar for all electrodes. The effect of
hardness on the magnitude and extent of the variation of r\ with
time was similar to that observed for solid platinum electrodes. 
The effect was particularly marked for the platinum plated 
electrodes which may have been related to the fact that the 
platinum deposits were very hard (hardnesses of about 4-00 V.P.N, 
have been reported for the conditions used2 2 2*).
The results using gold foil were not very reproducible 
which may have been affected by alloy formation at the gold - 
copper deposit interface279.
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ADDITION AGENT ACTION IN ACID COPPER SULPHATE SOLUTIONS - PART TWO
The important experimental techniques and apparatus 
have already been considered in detail in Part One.‘Any special 
modifications to these techniques, and any new items of appa­
ratus employed, will be referred to where appropriate in the 
following text.
INTRODUCTION
Part Two will cover chiefly the selection and behav­
iour of certain addition agents for the purpose of studying their
effects on r\ and on the nature and properties of copper electro- a
deposits.
The information gained in Part One provided a good 
basis for quantitatively assessing the effects of addition agent 
action.
General Considerations
The importance in selecting addition agents suitable 
for fundamental studies, where no complicating side effects can 
occur, has already been mentioned. In contradistinction it is 
interesting to note that in industrial usage side effects, 
termed "ageing", are often usefully applied - in such cases the 
addition agents’ decomposition products help to produce the de­
sired effects.
The selection for the preliminary studies was based 
primarily on published data concerning established complexing 
reactions and stability constants involving copper ions197, 
and also on solubilities. Data concerning adsorption properties, 
particularly under electrolysis conditions, were not generally
available and so this factor which can be important in addition
TaO.
agent action could not^usefully employed. However, it has been 
suggested83 that any substance that affects the anodic process
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m i g h t  a l s o  a f f e c £  t h e  c o r r e s p o n d i n g  c a t h o d i c  p n e .  I n  t h i s  c o n ­
n e c t i o n  t h e  c o r r o s i o n  i n h i b i t o r  f o r  c o p p e r  -  s o d iu m  m e r c a p t o -  
b e n z o t h i a z o l e  * h a s  b e e n  q u o t e d  a s  a  b r i g h t e n e r  f o r  c o p p e r  
p l a t i n g 2 0 0 . A l t h o u g h  s u l p h u r i c  o n t a i n i n g  o r g a n i c  compounds
a p p e a r  t o  p r o v i d e  a  u s e f u l  an d  v e r y  a c t i v e  c l a s s  o f  a d d i t i o n
* 4a g e n t s  m  t e c h n o l o g y ,  p r e v i o u s  w o r k e r s  r e s u l t s  h a v e  i n d i c a t e d  
t h a t  t h e y  a r e  p r o n e  t o  h y d r o l y s i s  and  d e g r a d a t i o n ,  a t  w o r k i n g  e l ­
e c t r o d e s .  A c c o r d i n g l y ,  s u l p h u r - c o n t a i n i n g  compounds  w ere  n o t  
e m p lo y e d .
PRELIMINARY STUDIES
S t a g e  One -  I n i t i a l  T r i a l s
a ) .  E x p e r i m e n t a l  D e t a i l s "
S o l u t i o n  -  0 . 5  M CuSGj, + 0 . 5  M Hg S ( \  , p u r i f i e d  W ith
a c t i v e  c a r b o n  an d  h y d r o g e n  p e r o x i d e .
E l e c t r o d e s  -  a s  d e s c r i b e d  i n  P a r t  One f o r  t h e  S . S . D .
a n d  R . S .  m e t h o d s .
T e m p e r a t u r e  -  2 5 °C.
C o n c e n t r a t i o n  o f  a d d i t i o n  a g e n t  -  1 g / l ,  a n d  3 g /1 *
Each  a d d i t i o n  a g e n t  was p u r i f i e d  t o  a
s t a g e  w here  f u r t h e r  p u r i f i c a t i o n  p r o d u c e d
no a d d i t i o n a l  i m p r o v e m e n t .
The e x p e r i m e n t s  c a r r i e d  o u t  w i t h  e a c h  a d d i t i o n  a g e n t
w ere  a s  f o l l o w s
tj -  i  p l o t s * o b t a i n e d  u s i n g  t h e  S . S . D .  m e th o d ,  a  '
T| -  i  p l o t s - o b t a i n e d  u s i n g  t h e  R . S .  m e thod  i n  o r d e r  t o  a  j
a s s e s s  t h e  s t a b i l i t y  o f  t h e  a d d i t i o n  a g e n t  u n d e r  e l e c t r o l y s i s ,
a n d  a n y  e f f e c t s  on c a t h o d e  s u r f a c e  t o p o g r a p h y .
tj -  t i m e - m e a s u r e d  . u s i n g  t h e  S * S .D .  m e thod  an d  a  c u r r e n t  a  '
d e n s i t y  o f  2 A/dm2 ; t h i c k  d e p o s i t s  w ere  p r o d u c e d  p r i m a r i l y  f o r  
m e t a l l o g r a p h i c  s t u d i e s .
Anodic  d e c o m p o s i t i o n  o f  t h e  a d d i t i o n  a g e n t  was m i n i ­
m i s e d  ,w h e re  n e c e s s a r y ,  by an o d e  s e p a r a t i o n  u s i n g  t h e  S - s h a p e d  
s i d e  arm ( p ‘. 50 )? a n d  i n  t h e  R . S ,  method  by u s i n g  a  v e r y  low  d e ­
p l a t e  c u r r e n t  d e n s i t y .
The f o l l o w i n g  e f f e c t s  w ere  c o n s i d e r e d  a s  v i t i a t i n g  
f u r t h e r  s t u d y  o f  t h e  a d d i t i o n  a g e n t  u n d e r  c o n s i d e r a t i o n  t -
a -  I n s o l u b i l i t y  o f  t h e  a d d i t i o n  a g e n t  f o r  an y  o f  t h e
s o l u t i o n  c o m p o s i t i o n s  l i k e l y  t o  be u s e d  i n  s u b s e q u e n t  w o rk ,
b -  V o l a t i l i t y  o f  t h e  a d d i t i o n  a g e n t ,
c -  F o r m a t i o n  o f  a n  i n s o l u b l e  com plex  ( e . g .  w i t h  Cu2+ ) ,  
o r  a n  i n s o l u b l e  s u l p h a t e ,
d -  D e c o m p o s i t i o n  a t  e i t h e r  a n o d e  o r  c a t h o d e ,
e -  F o r m a t i o n  o f  i n s o l u b l e  m a t t e r , d u r i n g  e l e c t r o l y s i s , i n  t h e  c e l l ,  
f -  N e g l i g i b l e  e f f e c t  on r| ,
g -  N e g l i g i b l e  e f f e c t  on t h e  m o rp h o lo g y  o f  t h e  c a t h o a e
d e p o s i t ,
h -  P r o d u c t i o n  o f  n o n - c o h e r e n t  d e p o s i t s ,
i -  A d v e r s e  p h y s i o l o g i c a l  e f f e c t s  p r o d u c e d  by  t h e  a d d i t i o n
a g e n t ,
j -  I r r e p r o d u c i b i l i t y  d u e , f o r  e x a m p le ,  t o ' d i f f i c u l t i e s  i n  a c h i e v ­
i n g  a d e q u a t e  p u r i f i c a t i o n  o f  t h e  a d d i t i o n  a g e n t ,
k -  I n s t a b i l i t y  o f  t h e  a d d i t i o n  a g e n t  when d i s s o l v e d  i n  
t h e  p l a t i n g  s o l u t i o n  an d  s t o r e d  f o r  an y  l e n g t h  o f  t i m e .
b ) . R e s u l t s .
T a b l e  l*f .  E f f e c t  o f  a d d i t i o n  a g e n t s  on T}a „.
A d d i t i o n  A g en t
1 D i - s o d i u m  s a l t  o f l
I !
! EDTA. |
1 i
[ T r i e t h a n o l a m i n e  j
C one ,  i n  
g / 1
0 , 1 2  
1 . 0  
2 . 6  -
T} , i n  mV, m e a s u r e d  
a ?  t i m e  i n t e r v a l s  
shown i n  b r a c k e t s , i n  
m i n u t e s .
92(5) , 90(25) , 87(58)
1 3 0 ( 6 ) , 1 2 3 ( 2 8 ) , 1 2 7 ( 1 0 )  
1 5 0 ( 5 ) , 1 1 6 ( 2 0 ) , 1 1 5 ( 3 0 )
V i t i a t i n g  
F a c t o r s .
a
h c
 L
1 2 8
A d d i t i o n  A gen t I Cone ,  i n  
\ g / i
T[ , i n  mV, m e a s u r e d  
a t  t i m e  i n t e r v a l s  
shown i n  b r a c k e t s ,  i n  
m i n u t e s .
V i t i a t i n g  
F a c t o r s .
E t h y l e n e d i a m i n e J 1.00 1 0 4 ( 5 ) , 1 0 2 ( 1 5 ) , 9 7 ( 3 0 ) 3
! 3.00 116(5 ) , 111(18) , 10? ( 30) 3
g a m m a - P i c o l i n e I 1.00 1 3 0 ( 5 ) , 1 2 8 ( 1 3 ) , 1 2 8 ( 3 3 ) i
1 3 . 0 0 1 5 9 ( 6 ) ,  1 5 5 ( 1 5 ) ,  150(30.) i
P y r i d i n e ! l . o o 1 1 0 ( 7 ) , 1 1 6 ( 1 5 ) , 1 1 2 ( 3 0 ) b i .
1 3 . 0 0 1 3 9 ( 5 ) , 1 3 5 ( 1 5 ) , 1 2 7 ( 3 0 ) b i .
T a r t a r i c  a c i d 1 1.00 9 7 ( 4 ) , 9 5 ( 1 8 ) , 9 2 ( 3 3 ) f g .
j 3.00 9 3 ( 3 ) , 9 4 ( 1 6 ) , 9 1 ( 3 0 ) X g .
S u c c i n i c  a c i d ! l . o o 1 0 9 ( 3 ) ,105(15) , 104(28) g
! 3.00 1 0 9 ( 3 ) , 1 0 6 ( 1 3 ) , 1 0 4 ( 2 3 ) g
M e th y l a m i n e | 1.00 108(5 ) , 1 0 0 ( 1 5 ) ,100(32) g
1 3 . 0 0 118(5 ) , 116(20) , 115(30) g
n - B u t y l a m i n e | 1.00 1 1 5 ( 6 ) , 1 1 2 ( 1 5 ) , 1 1 0 ( 3 4 ) g
| 3.00 122(6) , 120(18) , 120(30) g
C i t r i c  a c i d 1 1.00 1 0 1 ( 4 ) ,103(18) , 1 0 0 ( 4 0 ) g
1 3 .0 0 98(5 ) , 100(15) , 38(30) g
8 - H y d r o x y q u i n o l i n e 11.00 2 0 6 ( 5 ) ,206(18) , 2 0 6 ( 2 9 ) e h , k .
; 3.00 2 3 7 ( 2 ) , 2 3 6 ( 1 4 ) , 2 2 9 ( 4 5 ) e h , k .
A c e t y l - a c e t o n e j 1.00 9 6 ( 5 ) , 9 1 ( 1 5 ) , 8 0 ( 3 0 ) b g .
! 3.00 9 1 ( 5 ) , 9 0 ( 1 5 ) , 8 9 ( 3 0 ) b g .
G u a n o s in e 1 1.00 250(5 ) , 232(15) , 210(30) e d .
| 3.00 3 0 7 ( 5 ) , 2 8 7 ( 1 5 ) , 2 7 9 ( 3 0 ) e d .
M a le i o  a c i d | 1 . 0 0 88(5 ) , 88(14) , 88(30) g
| 3.00 8 6 ( 5 ) , 8 6 ( 1 3 ) , 8 6 ( 3 1 ) g
C a t e c h o l 1 1.00 9 2 ( 5 ) , 9 0 ( 1 2 ) , 8 8 ( 3 1  ■> f g .
j 3 • oo 9 1 ( 5 ) , 8 3 ( 1 9 ) ,80(30)
_
f g .
1 2 9
T a b l e  l4 »  c o n b 3 n u e d ,
A d d i t i o n  A gen t 1 C o n e „ i n
! g / i
!
i
T] 5 i n  mV, m e a s u r e d  
a t  t i m e  i n t e r v a l s  
shown i n  b r a c k e t s ,  i n  
m i n u t e s „
i
| V i t i a t i n g
i F a c t o r s „
1
1
iI
P i v a l i c  a c i d
I
j l .C O 100(6 ) , 100(12) , 100(30) | 7 " ..... " "
j  3.00 1 0 2 ( 4 ) ,101(10) , 100(30) ! s -  [
M a l e n i c  a c i d 11.00 9 3 ( 3 ) , 9 7 ( 1 5 ) , 9 7 ( 3 0 )
!
! e -
!  B.00i ' 9 6 ( 5 ) , 9 5 ( 1 3 ) , 9 5 ( 3 0 ) i g .!
E t h y l - m a l o n i c  a c i d
!
[1.00 9 3 ( 5 ) , 9 2 ( 1 5 ) , 9 1 ( 3 0 ) | f , g .
3.00 9 4 ( 5 )  , 89(±5 ) , 86(30) |  f , S -
G l u t a r i c  a c i d
i
1.00 9 8 ( 5 ) , 9 4 ( 1 5 ) , 9 2 ( 3 1 )
1
!  g .
3.00 9 8 ( 5 ) , 9 3 ( 1 5 ) , 88(30) !1
C r o t y l  a l c o h o l
[
0,60 80(5 ) , 80(14) , 80(30)
I!
I
j
2 . 4 0 72(6 ) , 7 2 ( 1 5 ) , 7 2 ( 3 1 ) 1ii
4 - M o t h y l p e n t - 4 -
!
I o . 6 o 7 5 ( 5 ) , 7 5 ( 1 4 ) , 7 5 ( 3 0 )
i
11
e n - 2 - o l 1.80 7 0 ( 4 ) , 7 0 ( 1 5 ) , 7 0 ( 3 a ) !1
B e n z o t r i a s a l e
1
| 0 . 0 0 6  
j 0.018
| 0 . 1 2 0
1
160(7) , 1 5 5 ( 2 0 ) , 1 5 0 ( 4 7 )  
1 7 7 ( 8 ) , 1 7 0 (25) , 1 7 0 ( 4 3 )  
3 1 0 ( 9 ) , 3 1 0 ( 2 0 ) , 3 1 0 ( 3 0 )
111!t
i
i1
A d i p i c  a c i d l l .O O1 1 0 1 ( 5 ) , 9 7 ( 1 5 ) , 9 4 ( 3 0 )
1
! g .
| 3 . 0 0 .
1
1 1 4 ( 5 ) , 1 0 9 ( 1 5 ) , 1 0 0 ( 3 0 ) j g .
F o rm ic  a c i d 1 , 0 0 9 1 ( 4 ) ,91(20) , 9 1 ( 3 0 ) * j?1 j- .
3 . 0 0 8 7 ( 4 ) , 8 7 ( 1 5 ) , 8 7 ( 3 0 ) 1i1
A c e t i c  a c i d 1 . 0 0 9 2 ( 5 ) , 9 1 ( 1 8 ) , 9 1 ( 3 0 ) ! f .
3 . 0 0 9 2 ( 5 ) , 9 2 ( 1 5 ) , 9 1 ( 3 0 ) i * .1
.
P r o p i o n i c  a c i d 1 . 0 0 9 3 ( 7 ) , 9 2 ( 1 9 ) , 9 2 ( 3 1 )
t
1
1j
3 . 0 0 9 3 ( 4 ) , 9 2 ( 1 6 ) , 9 1 ( 5 0 ) i
\
B u t y r i c  a c i d 1 . 0 0 9 4 ( 6 ) , 9 3 ( 1 6 ) , 9 3 ( 3 0 )
1
1I
3 . 0 0 9 4 ( 5 ) , 9 3 ( 1 5 ) , 9 3 ( 3 2 ) F
J________ ________
TajoleJlA, _ c o n t  i n u e  d .
.A d d i t i o n  A gen t C o n e „ i n  
g / 1
T[ t i n  mV, m e a s u r e d  
t i m e  i n t e r v a l s  
shown i n  b r a c k e t s ,  
i n  m i n u t e s
V i t i a t i n g 1 
F a c t o r s  1
n - V a l e r i c  a c i d 1 .  GO 
3 , 0 0
9 7 ( 7 ) , 9 7 ( 1 9 ) , 9 4 ( 3 1 )  
9 8 ( 4 ) , 9 5 ( 1 5 ) , 9 3 ( 3 2 )
i s o - V a l e r i c  a c i d 1 . 0 0
3 , 0 0
9 9 ( 4 ) , 9 9 ( 1 5 ) , 9 8 ( 3 0 )  
1 0 0 ( 7 ) , 1 0 0 ( 1 9 ) , 9 9 ( 3 2 )
G l y c i n e 1 . 0 0
3 . 0 0
9 8 ( 5 ) , 9 6 ( 1 2 ) , 9 0 ( 3 0 )  
1 0 0 ( 5 ) , 9 4 ( 1 2 ) , 8 9 ( 3 1 )
d l - c c - A l a n i n e 0.0*+
0.*+2
2 . 0 0
9 2 ( 5 ) , 9 6 ( 2 5 ) , 9 1 ( 5 0 )  
9 4 ( 5 ) , 1 0 2 ( 2 4 ) , 9 4 ( 4 5 )  
9 7 ( 7 ) , 1 0 5 ( 2 2 ) , 9 6 ( 5 9 )
B - A l a n i n e 1 . 0 0  
3 . CO
1 1 1 ( 5 ) , 1 0 6 ( 1 5 ) , 1 0 3 ( 3 0 )  
131(5 ) , 126(15) , 120( 30)
d l - n o r - V a l i n e 1 . 0 0
3 . 0 0
1 0 9 ( 5 ) , 1 0 6 ( 1 3 ) , 1 0 3 ( 3 0 )  
1 2 8 ( 5 ) , 1 2 4 ( 1 5 ) , 1 2 0 ( 3 0 )
A s p a r t i c  a c i d 1 , 0 0 1 0 2 ( 5 ) , 1 0 0 ( 1 0 ) , 9 6 ( 3 2 ) g • |
3 . 0 0 117(5 ) , 113(13) , 106(30) g .  j
NO ADDITION
L __ __
9 1 ( 5 ) , 9 1 ( 1 5 ) , 9 1 ( 3 0 ) .
c ) .  Summary o f  R e s u l t s .
The a b o v e  r e s u l t s  showed how g r e a t l y  t] c o u l d  be  i n -si
f l u e n c e d  by  a  c h a n g e  i n  c a t h o d e  s u r f a c e  t o p o g r a p h y  an d  p r o b a b l y  
by  d e p l e t i o n  o f  t h e  a d d i t i o n  a g e n t  t h r o u g h  c o - d e p o s u - t i o n .
(T h e s e  f a c t o r s  c a n  be a v o i d e d  when t h e  R . S .  m e th o d  i s  u s e d ) .
From t h e  a b o v e  d a t a ,  and  e t h e r  o b s e r v a t i o n s  a r i s i n g
f ro m  a l l  t h e  e x p e r i m e n t s  c a r r i e d  o u t  i n  a}., t h e  f o l l o w i n g  
a d d i t i o n  a g e n t s ,  l i s t e d  i n  T a b l e  1 5 ,  w a r r a n t e d  f u r t h e r  s t u d y  • -
T a b l e  1 5 .  A d d i t i o n  a g e n t s  p o s s e s s i n g  m arked  a c t i o n ,
A d d i t i o n  A g e n t . Summary o f  A c t i o n .
B e n z o t r i a z o l e
C r o t y l  a l c o h o l ,  an d  
*+-Methylpent-*l— e n - 2 - o l
F o rm ic  a c i d ,
A c e t i c  a c i d ,
P r o p i o n i c  a c i d ,  
n - B u t y r i c  a c i d ,  an d  
n - V a l e r i c  a c i d .
G l y c i n e ,  
d l - o c - A l a n i n e ,
4.
d l - 2 ~ a m i n o - n - b u t y r i c  a c i d ,  
d l - n o r - V a l i n e , and
4*d l - n o r - L e u c i n e  .
V e ry  s m a l l  a m o u n ts  r a i s e d  tj an d
3.
l o w e r e d  g r a i n  s i z e  o f  t h e  d e p o s i t
U n e x p e c t e d  d e p o l a r i s i n g  e f f e c t ,
w i t h  t h e  e s t a b l i s h m e n t  o f  v e r y
s t a b l e  v a l u e s  o f  ti .a
V a l u e s  o f  ri w ere  r e l a t e d  t o  t h e  a
m o l e c u l a r  w e i g h t  o f  t h e  hom ologue  
F o rm ic  a c i d  c a u s e d  t h e  f o r m a t i o n  
o f  a  m arked  p l a t e - l i k e  d e p o s i t  
s t u c t u r e .
V a l u e s  o f  ri w ere  i  e l a t e d  t o  t h e  a
m o l e c u l a r  w e i g h t  o f  t h e  hom ologue  
D e p o s i t  g r a i n  s i z e  r e d u c e d .
(The p o s s i b i l i t y  o f  com plex  i o n  
f o r m a t i o n  i n f e r r e d  by p r e v i o u s  
w orkers) .
+ ,T h ese  two h o m c lo g u e s  w ere  i n t r o d u c e d  i n  t h e  s u b s e q u e n t  s t u d i e s  
i n  S t a g e  Two.
. L .
Stage Two - Benzotriazole - Subsequent Trials
a ) .  E l e c t r o d e p o s i t s  were  p r e p a r e d  u s i n g  t h e  f o l l o w i n g
c o n c e n t r a t i o n s  o f  b e n z o t r i a z o l e  a n d  t h e  same e x p e r i m e n t a l  
c o n d i t i o n s  d e s c r i b e d  i n  S t a g e  O n e : -
S o l u t i o n  No. Cone ,  o f  b e n z o t r i a z o l e
i n  g/1
1 0.002
2 0*006
3 0.012
4 0.018
5 0 . 0 2 4
6 0.060
7 0 . 1 2 0
The a p p e a r a n c e  o f  t h e s e  d e p o s i t s  a r e  shown i n  F i g s . 34 -  40 ,
a n d  t h e  c o r r e s p o n d i n g  d e p o s i t  c r o s s - s e c t i o n s  a r e  shown i n  F i g s ,  
4 l  -  4 7 ,  T hese  r e s u l t s  showed how t h e  p r e s e n c e  o f  b e n z o ­
t r i a z o l e  c o u l d  p r e v e n t  e p i t a x y  a t  t h e  d e p o s i t  -  s u b s t r a t e  i n t e r ­
f a c e ,  a n d  a l s o  how i t  c o u l d  i n d u c e  a  b a n d e d  d e p o s i t  s t r u c t u r e  
w i t h  e v i d e n c e  o f  i n c l u s i o n s .  S o l u t i o n  *7 p r o d u c e d  d e p o s i t s  t h a t  
w ere  f u l l y  b r i g h t *
b ) .  P l o t s  o f  T) -  i ,  f o r  a g i t a t e d  an d  u n a g i t a t e d  c o n d i t i o n s  
a r e  shown i n  F i g s . *+8,*+9 f o r  s o l u t i o n s  6 and  7 r e s p e c t i v e l y .  
T h ese  i n d i c a t e  t h a t  b e lo w  a  c r i t i c a l  c u r r e n t  d e n s i t y  ( c o r r e s p o n d  
i n g  t o  t h e  p o i n t  w here  a g i t a t i o n  d o e s  n o t  a f f e c t  t\ ) ,  t h e  s u p p l y  
o f  b e n z o t r i a z o l e  t o  t h e  c a t h o d e  s u r f a c e  i s  e s s e n t i a l l y  d i f f u s i o n  
c o n t r o l l e d .
c ) .  The e f f e c t  o f  t r a c e s  o f  i n h i b i t o r s  on i 0 i s  t y p i f i e d
i n  F i g ,  50 w h ich  shows t h e  p l o t  o f  rj -  i  f o r  s o l u t i o n  l . T h i sa
e f f e c t  h a s  b e e n  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  t h e  s m o o t h i n g  o f  
e l e c t r o d e p o s i t s 1 ** .
F i g s .  3 4 - 3 7 .  E f f e c t  o f  B e n z o t r i a z o l e  on. C oppe r  d e p o s i t s ,
s u r f a c e s ,  x 3 1 0 .
B i g .  3 6 .  0 „ 0 1 2 g / l  F i g .  3 7 .  0 . 0 l 8 g / l
F i g .  3 3  o 0 o 0 0 6 g / l
\
F i g .  3 4 .  0 . 0 0 2 g / l
1 3 4
Figs. 38-40. Effect of Benzotriazole on Copper deposits,
surfaces, x 3 1 0,
Fige 38. 00024g/l
Fig. 40. 0.12g/l (Fully Bright)
1 3 5
Figs. 41-44. Effect of Benzotriazole on Copper deposits
cross-sections, x375»
F i g 0 4 l .  0 „ 0 0 2 g / i o F i g . 4 2 .  0 . 0 0 6 g / l .
F i g . 4 3 ,  0 . 0 1 2 g / l F i g . 4 4 .  0 e 0 1 8 g / l
1 3 6
F i g s 0  4 5 - 4 7 „  E f f e c t  o f  B e n z o t r i a z o l e  o n  C o p p e r  d e p o s i t s ,  
c r o s s - s e c t i o n s .
■
F i g . 4 5 .  0 . 0 2 4 g / l .  
x 3 7 5 .
F i g . 4 6 .  0 . 0 6 g / l ,  
x375o
F i g . 4 7 .  0 e 0 8 g / l ,  
x 2 0 0 .
1 3 7
Fig. k8t Effect of Benzotriazole on Overpotential.
180fm n m  ..... - --- ------------ ----------- ------------I E x p e r i m e n t a l  D a t a : -
S o l u t i o n , 0.5M CuSO,, +0.5M H2 SO, 
p u r i f i e d  w i t h  a c t .C + H 2 02 , 
T e m p e r a t u r e ,  2 5 ° C. I
B e n z o t r i a z o l e ,  0 . 0 6  g / l .  /
160
L e g e n d ; -
£  =  tj ( u n a g i t a t e d )  
S . S . D .  M ethod .
120
C u r r e n t , 
mA.
100
►20
160120 200
O v e r p o t e n t i a l ,  i n  m l.
i n
138
Fig. ^9. Effect of Benzotriazole on Overpotential.
200
Experimental Data
Solution, 0.5M CuS04 +0.5M H2 S 0 k 
purified with act.C+HjO* .
Temperature, 2 5 °C.
Benzotriazole, 0.12g/l. /
180
160Legend:-
0  =ti (unagitated) 
S.S.D. Method.
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mA.
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Fig. 50.. Effect of Benzotriasole on exchange current density, i« •
k.1,000
2
100 =
! 1 A/dm*.
Current, 
4 in mA.
Experimental Conditions:-
Solution, 0.5M CuSO*+0.5M H2 SO* , 
purified with active carbon 
and Hydrogen peroxide. 
Temperature, 25°C.
S.S.D. Method.
Legend:-
•  s No addition.
O  = 0.002 g/l of Benzotriazole.
J 2 . 2 .  i— ~—
.i . . .
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d) o F i g , 91 shows t h e  p l o t  o f  ti ~ i  f o r  t h e  a n o d i c  p r o -
c3.
c e s s  u s i n g  s o l u t i o n s  5 ©-^d 6 .  At low c u r r e n t  d e n s i t i e s  i t  
a p p e a r s  t h a t  a n  a d h e r e n t  f i l m  ( p r o b a b l y  c u p r o u s  b e n z o t r i a z o l a t e )  
c a n  fo rm  on t h e  anode  s u r f a c e  w h i c h ,  a t  h i g h e r  c u r r e n t  d e n s i t i e s ,  
p l a y s  a  l e s s  s i g n i f i c a n t  p a r t  i n  s t i f l i n g  t h e  a n o d i c  r e a c t i o n „
1 4 1
Fig. 51. Effect of Benzotriazole on Anode Polarisation.
Experimental Conditions:-
Solution, 0.5M CuSO* +0.5M Hj S(\ , purified 
with active carbon and hydrogen 
peroxide.
Temperature, 25 °C.
S.S.D. Method.
Legend:
0.060, g/l Benzotriazole. 
0.024 g/l Benzotriazole. 
No Addition.
-100
Anode
in mV
Current, 
1,000 in mA.
Stage Two - a-Amino Acids - Subsequent Trials
a ) .  S t u d i e s  on t h e  p o s s i b l e  f o r m a t i o n  o f  c om plex  i o n s
w ere  c a r r i e d  o u t  u s i n g  t h e  c e l l  shown i n  F i g .  22 . The r e s u l t s
shown i n  F i g . 52 i n d i c a t e  t h a t  a d d i t i o n  o f  a n  a - a m i n o  a c i d  t o
a  s o l u t i o n  c o n t a i n i n g  0.5M CuS(\  + 0.5M H2 S ( \  i n c r e a s e d  t h e  
c o p p e r  i o n  a c t i v i t y  a n d  p r o d u c e d  a maximum e f f e c t  f o r  a  1.0M 
a d d i t i o n .  I t  was a l s o  o b s e r v e d  t h a t  t h e  r e s i s t i v i t y  a n d  pH o f  t h i s  
a c i d  c o p p e r  s u l p h a t e  s o l u t i o n  w ere  r a i s e d  f o r  e a c h  a d d i t i o n  o f  
t h e  a - a m i n o  a c i d  u n t i l  t h e  t o t a l  a d d i t i o n  was 1 .0M.  Above a  pH 
o f  1 . 5 , h o w e v e r » a d d i t i o n  o f  a n  a - a m i n o  a c i d  p r o d u c e d  t h e  c h a r a c -  
t e r s i t i c  d e e p  b l u e  c o l o r a t i o n  w h ich  i n d i c a t e d  t h e  f o r m a t i o n  o f  
a n  i n n e r  c o m p lex  i o n .
The a c t i o n  o f  a n  a - a m i n o  a c i d  i n  i n c r e a s i n g  t h e  c o p p e r  
i o n  a c t i v i t y  c o u l d  be a t t r i b u t e d  t o  t h e  f o l l o w i n g  r e a c t i o n 252 : -
+ +
2 NHj CRj COCT + K ,S ( \  = ( NH3 CH2 COOH)2 SO^
s i n c e  i t  was shown p r e v i o u s l y  ( p .  89 ) ,  t h a t  s u l p h u r i c  a c i d  c a n
l o w e r  t h e  c o p p e r  i o n  a c t i v i t y  when i t  i s  a d d e d  t o  a  c o p p e r  
s u l p h a t e  s o l u t i o n .
A c c o r d i n g l y ,  i t w a s  u n l i k e l y  t h a t  t h e  a d d i t i o n  a g e n t  
a c t i o n  o f  a n  a - a m i n o  a c i d  t/ibs ' due t o  com plex  i o n  f o r m a t i o n  -  a  
m e ch an is m  w h ich  h a s  b e e n  f a v o u r e d  by some p r e v i o u s  w o r k e r s .
b ) .  The e f f e c t  o f  a - a m i n o  a c i d s  on q -  i  p l o t s  h a s  b e e na
r e p o r t e d  e l s e w h e r e 3 9 a n d , i n  g e n e r a l , w h e r e a s  t h e  R . S .  m e th o d  
g a v e  a  l i n e a r  T a f e l  r e l a t i o n s h i p ,  t h e  S .S ^ D ,  m e thod  g a v e  a 
c u r v e d  r e l a t i o n s h i p .
Ah i m p o r t a n t  ' e f f e c t  p r e v i o u s l y  r e p o r t e d , a r i d  r e -  
s t u d i e d  u s i n g  s u p e r - p u r e  s o l u t i o n s ,  i s  shown i n  F i g ,  53* •
H e r e  i t  c a n . b e  s e e p  t h a t  a d d i t i o n  o f  g l y c i n e  t o  a  c h l o r i d e -  
c o n t a m i n a t e d  s o l u t i o n  r e - i n t r o d u c e s  a  b r e a k  i n  t h e  T a f e l  
p l o t  a t  a n  o v e r p o t e n t i a l  o f  a p p r o x i m a t e l y
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Fig. 53. Effect of Glycine,in the presence of Chloride ions,
on Tafel Behaviour, 1 . 0 0 0
urrent, in
100, = 
s 1 A/dm2 .
Experimental Conditions s-
Solution, Super-pure, 0.5M CuSO* +
0.5M H2S0* . 
Temperature, 25°C.
R.S. Method.
Legend
= No additions.
= 20g/l of Glycine + lOppm Cl
= + 1 0  ppm Cl
l o t  4 5
ti , i n  «aJ *jmp
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0 ,1V  w h ic h  i s  c h a r a c t e r i s t i c  o f  a  c h l o r i d e - f r e e  s o l u t i o n .  T h i s  
a c t i o n  may be  due t o  t h e  l o w e r i n g  o f  t h e  a c t i v i t y  o f  c h l o r i d e  
i o n s 2 51 .
A f u r t h e r  i m p o r t a n t  r e s u l t ,  w h ich  h a s  b e e n  r e p o r t e d  
b e f o r e 252 , c o n c e r n s  t h e  e f f e c t  o f  m o l e c u l a r  w e i g h t  o f  t h e  a - a m i n o  
a c i d  hom ologue  on t\ u n d e r  s t a n d a r d  c o n d i t i o n s .  Such  a n  i n h i b i t -3.
i n g  e f f e c t  c o u l d  be  e x p l a i n e d 255 a s  due t o  t h e  p r e s e n c e  o f  a n  
a d s o r b e d  l a y e r  o f  n e u t r a l ,  o r  c h a r g e d , l a r g e  p a r t i c l e s  t h a t  
h i n d e r  t h e  a p p r o a c h  o f  c o p p e r  i o n s  t o  t h e  c a t h o d e  s u r f a c e .  A l t e r n  
a t i v e l y  t h e  e f f e c t  may be  due t o  t h e  f o r m a t i o n  o f  u n f a v o u r a b l e  
i n t e r f a c i a l  c o n d i t i o n s  p r o d u c e d  by t h e  a d d i t i o n  a g e n t  i n c r e a s i n g  
t h e  w i d t h  o f  t h e  d o u b l e  l a y e r .  B o th  o f  t h e s e  e x p l a n a t i o n s  s u g g e s t  
t h a t  t h e  m o l e c u l a r  s i z e  o f  t h e  a d d i t i o n  a g e n t  w ou ld  be p r o ­
p o r t i o n a l  t o  th e  i n h i b i t i n g  e f f e c t  a s  shown i n  s t u d i e s  w i t h  
p i c k l i n g  i n h i b i t o r s 2 5k w here  T r a u b e s  la w  was i n v o k e d .  The " i n t e r ­
f e r e n c e  t h e o r y "  a l s o  a p p e a r s  t o  p r o v i d e  a  s i m p l e  e x p l a n a t i o n  o f  
t h e  o b s e r v e d  e f f e c t s 2 6 8 .
c ) .  The e f f e c t s  o f  a - a m i n o  a c i d s  on e l e c t r o d e p o s i t s
a r e  shown i n  F i g s ,  5 ^ - 5 9  . An a d d i t i o n  o f  20 g / l  was made t o  
a  p l a t i n g  s o l u t i o n  w h ich  was 0.5M CuS04 -t- 0.5M Hg SO,, . I n  p a r ­
t i c u l a r  some o f  t h e  d e p o s i t s  w ere  m a r k e d l y  r o u g h  an d  t h i s  
s e r v e d  t o  i l l u s t r a t e  : -
A. C o n t r o l  o f  s u b s t r a t e  when t h e  R . S .  m e thod  was u s e d ,
13. The d e t e r m i n a t i o n  o f  c a t h o d e  r o u g h n e s s  f a c t o r s  f rom  
p o l a r i s a t i o n  d a t a  o b t a i n e d  w i t h  b o t h  t h e  R . S ,  an d  S . S . D .  m e t h o d s .
T h en ,  l e t  i| = t h e  a c t i v a t i o n  o v e r p o t e n t i a l  a t  2 A/dm2
a i
a n d  2 5 °C f o r  a  c a t h o d e  o f  s t a n d a r d  s u r ­
f a c e  a r e a  -  a s  p r e v a i l i n g  i n  t h e  R . S .
m e th o d ,
T] = t h e  a c t i v a t i o n  o v e r p o t e n t i a l  a t  2 A/dm2 a 2
an d  25°C f o r  one o f  t h e  c a t h o d e  s u r ­
f a c e s  shown i n  F i g . 5 5 - 5 9 - s u r f a c e  a r e a  
unknown,- a s  p r e v a i l i n g  i n  t h e  S . S . D .  
m e th o d . 1 4 6
J '// % m £
Figs, 5^-59* Effect
on the
o f  2 C g / l  o f  a n  a - a m i n o  a c i d  h o m o l o g u e  
a p p e a r a n c e  o f  a  c o p p e r  d e p o s i t .  M a g n . x  6 0 0 „
F i g , 5 ^ .  N o  a d d i t i o n .  F i g . 5 5 *  G l y c i n e .
F i g . 5 8 .  V a l i n e .
F i g . 5 6 .  A l a n i n e . F i g , 5 7 *  A m i n o - b u t y r i c  a c i d .
F i g . 5 9 .  L e u c i n e .
4 * 4  V  A  i
1 4 7
I t  c a n  be shown f o r  t h e  T a f e l  s l o p e  t h a t  i -
ti —  ti = 2 . 3 0 3  x b x l o g 1 0 A2
a 1 a2 __
A,
w h e r e ,
b = T a f e l  s l o p e  = 0 , 0 5 6  f o r  t h e  g i v e n
c o n d i t i o n s ,
A1 = S t a n d a r d  s u r f a c e  a r e a , a s s u m e d  u n i t y ,  
Aq = Unknown s u r f a c e  a r e a .
The f o l l o w i n g  t a b l e  s u m m a r i s e s  t h e  r e s u l t s  o b t a i n e d ;
T a b l e  1 6 ,  E f f e c t  o f  a - a m i n o  a c i d s  on c a t h o d e  r o u g h n e s s .
Amino a c i d ri —ti i n  mV a1 ag R oughness
F a c t o r .
A v e ra g e  v a l l e y  t o  peak]  
d i s t a n c e  f o u n d  m i c r o -  1 
s c o p i c a l l y , i n  m i c r o n s  1
A - G l y c i n e 129 - 113=16 1 .34 5 !
B - A l a n i n e 154 - 130=24 1 .54 8 |
C -Amino-bu* 
t y r i c  a c i d 142 - 141=1 1 . 0 2 1 !
D - V a l i n e 147 - 145=2 1*04 1 !
E - L e u c i n e 180- 158=22 1 . 5* 6 j
d ) .  C o n c l u s i o n s  -  I t  h a s  been ,  shown t h a t  . a - a m i n o  a c i d s
c a n  p r o d u c e  s i g n i f i c a n t  e f f e c t s  on r\ an d  d e p o s i t  s t r u c t u r e s .cl
F u r t h e r m o r e ,  a t t e m p t s  h a v e  made t o  e x p l a i n  some o f  t h e  e f f e c t s  
m e n t i o n e d  i n  t h e  l i t e r a t u r e  b u t  h i t h e r t o  l e f t  u n e x p l a i n e d .  
H o w ever ,  i t  was d e c i d e d  t o  d i s c o n t i n u e  an y  f u r t h e r  w o ik  i n  v ie w  
o f  t h e  l a r g e  c o n c e n t r a t i o n  o f  a d d i t i o n  a g e n t  n e c e s s a r y  t o  p r o ­
duce  s i g n i f i c a n t  e f f e c t s .
I t  i s  e m p h a s i s e d  t h a t  t h e  r o u g h n e s s  f a c t o r s  c a l c u l a t e d  
a b o v e  may r e q u i r e  a d j u s t m e n t  b a s e d  on t h e  a p p r o p r i a t e  a c t i v e  
p l a t i n g  a r e a s .
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Stage Two - Formic acid and Homologues - Subsequent Trials
&)• S t u d i e s  c a r r i e d  o u t  on t h e  p o s s i b l e  f o r m a t i o n  o f
c o m p lex  i o n s  showed  t h a t ,  o v e r  a  w ide  r a n g e  o f  e x p e r i m e n t a l  
c o n d i t i o n s ,  f o r m i c  a c i d  o r  one o f  i t s  h o m o lo g u e s  h a d  no 
s i g n i f i c a n t  e f f e c t  on  t h e  a c t i v i t y  o f  c o p p e r  i o n s .
b ) .  T a f e l  r e l a t i o n s h i p s  a r e  shown i n  F i g .  60 f o r  r e s u l t s  
o b t a i n e d  u s i n g  t h e  S . S , D .  m e th o d .  A 20 g / l  a d d i t i o n  was u s e d
i n  a  s o l u t i o n  w h ic h  was 0.5M CuSO^ + 0.5M H2 SO^ a t  2 5 °C .  I t  c a n  
be s e e n  t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  i s  u n c h a n g e d  by  a n y  o f  
t h e  a d d i t i o n  a g e n t s .  F u r t h e r  a d d i t i o n s  o f  e i t h e r  a c e t i c  a c i d  
o r  p r o p i o n i c  a c i d  p r o d u c e d  no e f f e c t  on r\ u n d e r  s t a n d a r d  c o n -cl
d i t i o n s ,  O n l y  f o r m i c  a c i d  a p p e a r e d  t o  w a r r a n t  a n y  f u r t h e r
s t u d y  -  p a r t i c u l a r l y  on a c c o u n t  o f  i t s  m arked  e f f e c t  on d e p o s i t  
s t r u c t u r e s .
I n  g e n e r a l  s e v e r a l  m i n u t e s  p l a t i n g  t i m e  w ere  r e q u i r e d  
b e f o r e  t h e  maximum d e p o l a r i s i n g  e f f e c t  o f  f o r m i c  a c i d  was p r o ­
d u c e d .  F i g ,  61  shows t h e  p l o t  o f  f o r m i c  a c i d  c o n c e n t r a t i o n
v e r s u s  t] u n d e r  g a l v a n o s t a t i c  c o n d i t i o n s ,  f o r  a  s o l u t i o n  w h ich  a
was 0 , 5  M CuS04 +- 0 , 5  M S04 -  a  s m a l l  c h a n g e ' i n  e i t h e r  c o p p e r  
s u l p h a t e  o r  s u l p h u r i c  a c i d  c o n t e n t  h a d  no e f f e c t  on  t] f o r  any
Si
g i v e n  s e t  o f  c o n d i t i o n s ,
I t  a p p e a r s  f rom  F i g ,  6 l  t h a t , w i t h  s u f f i c i e n t  f o r m i c  
a c i d  p r e s e n t *  c a n  be r e d u c e d  t o  a  d e f i n i t e  minimum v a l u e  t h a t  
i s  i n d e p e n d e n t  o f  c u r r e n t  d e n s i t y  f o r  a  w ide  r a n g e  o f  c u r r e n t  v a l u e s .
c ) .  The p l a t e - t y p e  c a t h o d e  d e p o s i t s  ( s e e  F ig s . 6 2 , 6 3 )  p r o ­
d u c e d  by f o r m i c  a c i d  w ere  s i m i l a r  t o  t h o s e  grown o n l y  on (1 0 0 )  
c r y s t a l  p l a n e s  u n d e r  c o n d i t i o n s  o f  e p i t a x y * 5 , F u r t h e r m o r e ,  t h e  
i n f l u e n c e  o f  f o r m i c  a c i d  on d e p o s i t  s t r u c t u r e  was more p r o ­
n o u n c e d  t o w a r d s  t h e  b o t t o m  o f  a  v e r t i c a l  c a t h o d e  e v e n  when t h e  
p l a t i n g  s o l u t i o n  was v i g o r o u s l y  a g i t a t e d .
A s i m i l a r  e f f e c t  on d e p o s i t  s t r u c t u r e s  was o b s e r v e d
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F i g .  6 0 .  E f f e c t  o f  a d d i t i o n s  o f  F o rm ic  A c id  Homologues 
on T a f e l  P l o t s .
e C u r r e n t , 
i n
E
E x p e r i m e n t a l  C o n d i t i o n s : -
S o l u t i o n ,  0.5M CuS04 +0.5M H2 S04 , p u r i f i e d  ;
w i t h  a c t i v e  c a r b o n  an d  H ydrogen  ?U
p e r o x i d e . 
T e m p e r a t u r e ,  25°C 
S . S . D .  M ethod .
L e g e n d : -
© s  20 g / 1  F o rm ic  a c i d  
Q  = 20 g / 1  A c e t i c ,  o r  P r o p i o n i c ,  a c i d
hiir
H f t i + i i .
U J - U - h  H  r
n n r i ! :  n  n  ■ 1  r r ;  r  : t  ■ 1 '  i n  e h i  r f  t  r  r i  1 ; ;  L i L r i i i n i j t i i  t i l l t i r r l i L ^  
150  1 0 0
is . i n  m¥ 4 a 150
Fig,6l;> Effect of Formic on Activation Overpotential
Experimental Conditions :-
Solution, 0.5M CuS04 + 0.5M 
H2S04 , purified with act.C 
and hydrogen peroxide.
Temperature, 25°C.
S.S.D. Method.
Legend :-
ml HCOOH
added to
Cell.
M - H + f r-i— i— ;— f — i— j— i— j.— i
120 100
ti , in mV. a ’
1 5 1
F i g s .  6 2 - 6 5 .  E f f e c t  o f  F o r m i c  a c i d  h o m o l o g u e s , a s  A d d i t i o n
a g e n t s ,  o n  C o p p e r  E l e c t r o d e p o s i t s .  C o n c e n t r a t i o n  
o f  a d d i t i o n  a g e n t ,  10  g / 1 .
F i g ; ; / 6 2  ,  F o r m i c  a c i d ,  
M a g n .  x  6 0 0 .
F i g .  6 3 .  
M a g n ,
F o r m i c  a c :  
x  3 , 5 0 0 .
. d ,
F i g ,  G k ,  A c e t i c  a c i d ,  F i g .  6 5 .  P r o p i o n i c  a c i d ,
M a g n .  x  6 0 0 ' .  M a g n .  x  6 0 0 .
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when f o r m i c  a c i d  was u s e d  a s  a n  a d d i t i o n  a g e n t  i n  a  p l a t i n g  
s o l u t i o n  w h ich  was 0.5M AgN03 + O ^ M  HNOj .
d)* D i s c u s s i o n  o f  t h e  b e h a v i o u r  o f  f o r m i c  a c i d  a s  a n
a d d i t i o n  a g e n t .
I n  o r d e r  t o  e x p l a i n  t h e  p r e f e r e n t i a l  c r y s t a l  f a c e  
g r o w t h  e f f e c t  a  M u l l e r  t y p e  o f  a d s o r p t i o n 233 may be i n v o k e d  
t h u s ; -
0
I !
HX  X 0 — 'H 
CU — ----  C u    Cu   Cu
The H-H d i s t a n c e  f o r  f o r m i c  a c i d  i s  c a l c u l a t e d  t o  be a b o u t
o o
2 . 7  A 2 5 7 , an d  t h e  Cu-Cu d i s t a n c e  f o r  t h e  ( i l l )  p l a n e  i s  2 , 6  A, 
A c c o r d i n g l y ,  t h e s e  g e o m e t r i c a l  d i s t a n c e s  m i g h t  f a v o u r  t h e  tw o -  
p o i n t  a d s o r p t i o n  e n v i s a g e d  a b o v e 255 256 , S i n c e ,  i n  g e n e r a l ,  
p l a n e s  o t h e r  t h a n  t h e  (1 1 1 )  p l a n e  h a v e  a  l o w e r  d e n s i t y  o f  
a t o m i c  d i s t a n c e s  f a v o u r a b l e  f o r  t h i s  t w o - p o i n t  a d s o r p t i o n  t h e n  
c r y s t a l  g r o w th  c o u l d  be  e n c o u r a g e d  a t  p l a n e s  o t h e r  t h a n  t h e  ( i l l )  
w h ic h  a r e  a s s o c i a t e d  w i t h  c o r r e s p o n d i n g l y  l o w e r  o v e r p o t e n t i a l s  
f o r  a n y  g i v e n  c u r r e n t  d e n s i t y 45 ,
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  s t u d i e s  o f  t h e  decomp­
o s i t i o n  o f  f o r m i c  a c i d  on c o p p e r 286 h a v e  shown t h a t  t h e  r a t e  o f  
t h e  r e a c t i o n s  i n v o l v e d  a r e  i n f l u e n c e d  by  t h e  o r i e n t a t i o n  o f  t h e  
c o p p e r  s u b s t r a t e .
F i g . 66 shows a  p l o t  o f  f o r m i c  a c i d  c o n c e n t r a t i o n
T} a
v e r s u s  f o r m i c  a c i d  c o n c e n t r a t i o n  f o r  r e s u l t s  p r o d u c e d  u s i n g
v a r i o u s  c u r r e n t  d e n s i t i e s  a n d - w h e r e  e a c h  ti v a l u e  was t h ea.
s t e a d y  s t a t e  v a l u e .  T h i s  p l o t  r e s e m b l e s  t h e  L a n g m u ir  a d s o r p t i o n  
i s o t h e r m  w here  i t  a p p e a r s  t h a t  T| i s  a  f u n c t i o n  o f  t h e  e x t e n t  o f, cl
Experimental Conditions;-
Solution, 0.5M CuSO^+0.5M H2 SO^ , purified
with active carbon and hydrogen jj 
peroxide.
Temperature, 25°C. 
S.S.D. Method.
T , r j 1-----1-----  1-----<-----J-----1-----1-----I-----j-----1----
t~ -i—h'1- H~"H~ H-H-t-rf-
• ~ r - 4  ~ t - - i — i— i-— j— j-— j—4 —4- - < — j — §—
Legend :-
O = 0 . 5  A/dm2 
= 1.0 A/dm2 
= 2.0 A/dm2 
= 5.0 A/dm2
t
] ml HCOOH 
| added to 
Cell.
1  - f - t - — r
-!- }~H 1
| 1
4 4 4 4  4 . + t
■ : ; - -! - j -  1 - 4 ■ f  ‘ - l  i
1 4 X 1 4 - U x - i 4 - i
. j 4 .4.4 . .4- , ; 
* i  1  ^ "1" j
4 - - +  r + - t
. 4 . 4 . 4 4 - . . . .
- H -4
4 - f i . 4 4 . 4
. f  -• + — i - i ■ t - t -  i 
■4-4  , 4 . 4 4 . x  ; - r
f - - i .....I — r - - 1 - 4 - 4 - 4 - f - t -  f . ;  4 4 -  |
. 4 . 4 - . f .  j 4 4 4 .  4 ■ 1  4  - ■I X - - !— f - f  ; f ;
_j_.4_._j— -j < - T "  f ' T X
- j . 4 .  4  .. -  4
ml HC00H/ria (in mV) , xlO2
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a d s o r p t i o n .  S i m i l a r  o b e d i e n c e  t o  a d s o r p t i o n  i s o t h e r m s  h a s  b e e n  
o b s e r v e d  f o r  a d d i t i o n s  o f  m e t h y l  a l c o h o l  an d  b u t y l  a l c o h o l  i n  
c o p p e r  d e p o s i t i o n 5 0 8 '
e ) .  Compounds s t r u c t u r a l l y  s i m i l a r  t o  f o r m i c  a c i d  w ere
t h e n  s t u d i e d  a n d ,  i n  p a r t i c u l a r ,  f o r m a l d e h y d e  was t w i c e  a s  p o w e r ­
f u l  a s  f o r m i c  a c i d  i n  p r o d u c i n g  t h e  e f f e c t s  a l r e a d y  d e s c r i b e d ,  
A c e t a l d e h y d e , a c e t o n e  an d  a c e t i c  a c i d  h a d  no e f f e c t  on d e p o s i t  
s t r u c t u r e s .
The b e h a v i o u r  o f  f o r m a l d e h y d e  may be  r e l a t e d  t o  t h e  
p a r t i c u l a r  m o l e c u l a r  s t r u c t u r e s  w h ic h  r e s u l t  f rom  i t s  a q u a t i o n  
a n d , b e l o w  a  pH o f  2 , 6 , a r e  A a n d  B23* *-
\  +■
HgCCOH);, HgC.OH + OH
A B
A c c o r d i n g l y ,  i f  t w o - p o i n t  a d s o r p t i o n  were  p o s s i b l e  t h e n  s t r u c t u r e  
A an d  B c o u l d  g i v e  r i s e  t o  t h e  f o l l o w i n g  a r r a n g e m e n t s  w i t h  c o p p e r  
m e t a l  : -
W ith  A Cu —----------- Cu —-----------C u ------ -------  Cu
. H v 0— S
\  /
H X  N0 — H 
C u ------------ C u ----------—  C u ------------ Cu
With  B
The r e s u l t s  s u g g e s t  t h a t  a n  a d s o r p t i o n  m echan ism  w i t h  A c o u l d  
h a v e  b e e n  t h e  o p e r a t i v e  o n e ,  an d  i t  seems l i k e l y  t h a t  o n l y  
f o r m i c  a c i d  an d  a q u a t e d  f o r m a l d e h y d e  p o s s e s s  t h e  n e c e s s a r y  H-H 
d i s t a n c e .
The m echan ism  o f  p r e f e r e n t i a l  a d s o r p t i o n  w h ic h  i s  
t e n t a t i v e l y  p r o p o s e d  m i g h t  a l s o  a c c o u n t  f o r  t h e  i m p o r t a n t  r o l e  
o f  f o r m i c  a c i d  and  f o r m a l d e h y d e  i n ,  f o r  e x a m p l e ,  a  b r i g h t  n i c k e l  
p l a t i n g  p r o c e s s 2 5 8 , and  i n  t h e  a n o d i s i n g  o f  a lu m in i u m 259 an d  
t i t a n i u m 2 6 0 .
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Stage Two » Crotyl alcohol *» Subsequent Trials*
The f o l l o w i n g  a c c o u n t  a p p l i e s  t o  b o t h  c r o t y l  a l c o h o l  
a n d  M e t h y l p e n t - 4 - e n - 2 - o l .
a ) .  F i g . 67 shows t h e  T a f e l  p l o t s  o b t a i n e d  w i t h  t h e  R . S .
m e thod  f o r  a  s o l u t i o n  t h a t  was CuS(\ +• 0.5M Hg SO* a n d  u s e d
a t  2 5 °C w h e re  : -
A -  t h e  p l a t i n g  s o l u t i o n  was c h l o r i d e - f r e e ,
B- -  a s  A + 10 ppm o f  c h l o r i d e ,
C -  a s  B + 0 . 6  g / 1  o f  c r o t y l  a l c o h o l ,
D -  a s  B + 2 , 5  g / 1  o f  c r o t y l  a l c o h o l .
T hese  p l o t s  t y p i f y  t h e  r e s u l t s  o b t a i n e d  f o r  a  w id e  r a n g e  o f  e x ­
p e r i m e n t a l  c o n d i t i o n s  w h ich  a r e  s u m m a r i s e d  a s  f o l l o w s  ( f o r  
s o l u t i o n s  C an d  D ) : -
An o v e r a l l  d e p o l a r i s a t i o n  was p r o d u c e d ,  
i i .  L i n e a r  T a f e l  p l o t s  p o s s e s s e d  a  c h a n g e  i n  s l o p e  
a t  a n  o v e r p o t e n t i a l  o f  a b o u t  0 , 0 9  V.
i i i . E x i s t e n c e  o f  r e g i o n s  w here  was e x t r a o r d i n a r i l y  
s t a b l e  an d  r e p r o d u c i b l e  f o r  a  g i v e n  p l a t i n g  c u r r e n t .
i v . D e p o s i t  s t r u c t u r e s  w ere  u n a f f e c t e d  a n d  c o n t a i n e d  
no o r g a n i c  i n c l u s i o n s .
b ) .  D i s c u s s i o n  o f  t h e  b e h a v i o u r  o f  c r o t y l  a l c o h o l  a s  a n
a d d i t i o n  a g e n t .
I t  i s  p o s s i b l e  t h a t  c u p r o u s  com p lex  i o n  f o r m a t i o n  
c a n  t a k e  p l a c e  i n  t h e  c a t h o d e  f i l m  w i t h  t h e  t r a n s i e n t  f o r m a t i o n  
a n d  d i s c h a r g e  o f  t h e  f o l l o w i n g  s o l u b l e  s p e c i e s 262 : -
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F i g ,  6 ? ,  T a f e l  p l o t s .
1,000
| C u r r e n t ,  i n
1
I"-:-"' I m A.
E x p e r i m e n t a l  C o n d i t i o n s
S o l u t i o n ,  0.5M CuS0*+0.5M H2 SO* 
T e m p e r a t u r e ,  25°C.
M eth o d ,  R , S .
L e g e n d :
O  = S u p e r - p u r e
s  S u p e r - p u r e  + lOppm Cl ; o r  
p u r i f i e d  w i t h  a c t i v e  c a r b o n  
a n d  H y d r o g e n  p e r o x i d e ( A  ) .
€ 1 -  s  A  +  0 . 6  g / 1  o f  C r o t y l  a l c o h o l  
Q  r  A  +  2 , 1  g / 1  o f  C r o t y l  a l c o h o l  
R e g i o n  o f  i n s t a b i l i t y .
i n  m v . 1 r\f\
CH5 CH=CHCH2 OH
9 *
Cu
ch3 CH-CHCH2 oh
♦ ft
Cu
CH3 CK=CHCH2 OH 
Cu+
It has already been shown how complex formation can lead to de­
polarisation (p. 119 ).
Since no organic inclusions were found then it is 
likely that the addition agent concentration remained 
constant with time which could explain the stability of r\cl
with time observed in both the R.S. and S.S.D, methods. The 
regions where t j  was unstable could be attributed to two9
simultaneous discharge processes where the supply of crotyl 
alcohol was insufficient to sustain only process B
A
Cu2aq Cu
B
aq
Cu
cryst.
crotylate
Although it i s  apparent from plot D? Fig, 67 » that 
a change in the rate determining step occurred at an over- . 
potential of about 0 . 0 9  V (an effect which is shown also in 
plot A ) ,  further work would be necessary in order to offer 
any detailed mechanism of the steps involved.
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PRINCIPAL STUDIES THE ROLE OF BENZOTRIAZOLE
The s m a l l  a m o u n ts  o f  b e n z o t r i a z o l e  r e q u i r e d  t o  p r o ­
duce  a  m arked  e f f e c t  011 t h e  c a t h o d i c  p r o c e s s e s  i n  c o p p e r  d e p ­
o s i t i o n  h a v e  a l r e a d y  b e e n  d e m o n s t r a t e d  i n  t h e  P r e l i m i n a r y  
S t u d i e s .  On a c c o u n t  o f  i t s  a p p a r e n t  i n c l u s i o n  i n  t h e  d e p o s i t s  
a n d  i t s  s t a b i l i t y  u n d e r  e l e c t r o l y s i s  c o n d i t i o n s  i t  was f e l t  
j u s t i f i e d  t h a t  a  d e t a i l e d  i n v e s t i g a t i o n  s h o u l d  be  c a r r i e d  o u t  
i n  o r d e r  t o  e l u c i d a t e  t h e  m echan ism  o f  i t s  a c t i o n .
P r o p e r t i e s  o f  B e n z o t r i a z o l e  an d  i t s  C oppe r  C o m p le x e s .
a ) .  P r o p e r t i e s  o f  B e n z o t r i a z o l e .
T hese  i n c l u d e  s e v e r a l  f e a t u r e s  t h a t  a r e  d e s i r a b l e  i n  
e l e c t r o c h e m i c a l  w ork  s u c h  a s  i t s  h i g h  r e s i s t a n c e  t o  many fo rm s  
o f  o x i d a t i o n ^  e a s e  o f  a n a l y s i s  i n  mg q u a n t i t i e s  by  c l a s s i c a l  
m e th o d s 201 202 203 , an d  s u f f i c i e n t  s o l u b i l i t y  o v e r  a  w ide  r a n g e  
o f  pH i n  v a r i o u s  s o l u t i o n s  i n c l u d i n g  a q u e o u s  c o p p e r  s u l p h a t e .
I t  i s  a l s o  i n e x p e n s i v e  a n d  n o n - t o x i c .
I t  h a s  f o u n d  a p p l i c a t i o n  a s  a  c o r r o s i o n  i n h i b i t o r 1 98 
f o r  c o p p e r  w he re  i t  i s  b e l i e v e d  t o  f u n c t i o n  by f o r m i n g  a n  i n ­
s o l u b l e ,  a d h e r e n t  a n d  c o n t i n u o u s  c o p p e r  c om plex  on t h e  m e t a l  
s u r f a c e 1 9 9 . The e x a c t  m echan ism  d o e s  n o t  a p p e a r  t o  h a v e  b e e n  
p r o v e n ,  an d  t h e  a p p l i c a t i o n s  q u o t e d  a r e  c o n f i n e d  t o  a l k a l i n e  
e n v i r o n m e n t s  w here  b o t h  c u p r i c  a n d  c u p r o u s  b e n z o t r i a z o l a t e s  
c o u l d  e x i s t .
The a c t u a l  s t r u c t u r e  o f  s o l i d  b e n z o t r i a z o l e  s t i l l  
a p p e a r s  t o  be d e b a t a b l e 271 , b u t  U-V s p e c t r o s c o p y 213 s u g g e s t s  
t h a t  i n  w e a k l y  a c i d  s o l u t i o n  i t  i s  A a n d  i n  s t r o n g l y  a c i d  
s o l u t i o n  i t  may be  B t h u s  : -
b), Properties of the Copper Benzctriazolates.
There seems to be very little published data concern­
ing these complexes and, in particular, no information on the 
effects of pH in relationship to the formation of the cuprous 
complex. The chief sources of information are the papers dealing 
with the use of benzotriazole as a quantitative precipitant 
for copper,and some of the proposed structures include the 
following :-
where x and y represent alternative bonding arrangements depend­
ing on the location of the imidc hydrogen.
Cupric benzotriazolate202
Cuprous benzotriazolate203
N
Cu m  or
where x and y represent alternat­
ive bonding arrangements as above
H owever ,  no r e c e n t  c o n f i r m a t i o n  o f  an y  o f  t h e s e  s t r u c t u r e s  
h a s  b e e n  r e p o r t e d .
I n  v i e w  o f  t h e  c o n d i t i o n s  and  c h e m i c a l  s p e c i e s  
l i k e l y  t o  be p r e s e n t  i n  t h e  c a t h o d e  f i l m  f u r t h e r  i n f o r m a t i o n  
c o n c e r n i n g  t h e  c o p p e r  b e n z o t r i a z o l a t e s  was c l e a r l y  r e q u i r e d ,
c ) ,  P r e p a r a t i o n  o f  C u p ro u s  B e n z o t r i a z o l a t e ,
S u f f i c i e n t  ammonium h y d r o g e n  s u l p h i t e  s o l u t i o n  was 
a d d e d  t o  a  q u a n t i t y  o f  a q u e o u s  c o p p e r  s u l p h a t e  u n t i l  a l l  t h e  
c u p r i c  i o n s  were  r e d u c e d  t o  t h e  c u p r o u s  s t a t e .  Aqueous  b e n z o ­
t r i a z o l e  was a d d e d  t o  p r o d u c e  a  g e l a t i n o u s  k h a k i  c o l o u r e d  
p r e c i p i t a t e  o f  t h e  c om plex  w h ich  was t h e n  f i l t e r e d .  The p r e ­
c i p i t a t e  was w ashed  w i t h  h o t  d i s t i l l e d  w a t e r  u n t i l  t h e  w a s h i n g s  
g ave  no p r e c i p i t a t e  w i t h  s i l v e r  n i t r a t e  s o l u t i o n *  The com p lex  
was c o l l e c t e d  a n d  d r i e d ,  b u t  d u r i n g  d r y i n g  i t  was o b s e r v e d  t h a t
t h e  s u r f a c e  became c o v e r e d  w i t h  a  p a l e  g r e e n  f i l m  w h ich  may
g r e e n
h a v e  b e e n  t h e  c u p r i c  c o m p le x .  T h i ^ / m a t e r i a l  was s e p a r a t e d  f rom  
t h e  c o m p lex  a n d  t h e  l a t t e r  was r e s e r v e d  f o r  t h e  s u b s e q u e n t  
t e s t s .
N e x t ,  a  s e c o n d  p o r t i o n  o f  c o p p e r  s u l p h a t e  s o l u t i o n  
•was r e d u c e d  an d  i t s  pH l o w e r e d  t o  z e r o ( e l e c t r o m e t r i c ) .  A s m a l l  
vo lum e o f  b e n z o t r i a z o l e  s o l u t i o n  was a d d e d  an d  t h e n  t h e  pH o f  
t h e  m i x t u r e  was s l o w l y  r a i s e d  by  a d d i t i o n s  o f  ammonium h y ­
d r o x i d e  u n t i l  t h e  f i r s t  p r e c i p i t a t e  o f  c u p r o u s  b e n z o t r i a z o l a t e  
a p p e a r e d .  T h i s  pH was 0 . 2
d ) .  P r e p a r a t i o n  o f  C u p r i c  B e n z o t r i a z o l a t e .
Aqueous b e n z o t r i a z o l e  was a d d e d  t o  a q u e o u s  c o p p e r  
s u l p h a t e  a t  a  pH o f  2 . 5  t o  fo rm  a  t o u r q u o i s e  p r e c i p i t a t e  o f  
t h e  c o m p le x .  The p r e c i p i t a t e  wa.s f i l t e r e d ,  w ashed  an d  d r i e d  
a n d  r e s e r v e d  f o r  t h e  s u b s e q u e n t  t e s t s .
The c om plex  c o u l d  n o t  be  p r e p a r e d  i n  a s o l u t i o n  
whose pH was l e s s  t h a n  a p p r o x i m a t e l y  2 . 0 .
e). Structural Formulae of the Copper Benzotriazolates,
pH titrations were carried out in order to find if 
the imido-hydrogen were involved in the reaction between benzo- 
triazole and the appropriate copper ion,
A direct reading pH meter was used ( E.I.L., Model 
23A) in conjunction with standard glass and calomel electrodes 
together with a temperature compensating device.
The copper solution that was to be titrated with 
benzotriazole contained 0.1 g of copper (as M.A.R. CuS04 .5B2 0) 
in 100 ml of distilled water, and its pH.was,in-all cases, 
adjusted to *+,50 prior to titration.
For the cuprous ion reaction the cupric sulphate 
solution was first completely reduced with ammonium hydrogen 
sulphite solution,
^ The benzotriazole solution contained 2,00 g/120 ml 
of distilled water and its pH was adjusted to *+.50,
A. Cuprous ion - benzotriazole reaction
The following table typifies the results of several 
experiments i -
Change in pH Total ml of 
BTA
i Change in pH Total ml of j 
BTA >
0 .0 0 0 | 0 .1 5 9 j
+ 0o05 1 j 0 .1 7 10 |
0 ,0 ? 2 ! 0 .1 8j 11 1
0 .0 9 3 ! 0 .1 7 12* j
0 .1 1 *+ ! 0 .1 6t 13 !
0 .1 2 5 ! 0 .1 5{ 1*+ |
0 .1 3 6 ! 0 .1 5 15 1
0 .1 3 7 0 .1 5 16 |
0 .1 5 8 ! 0 .1 5 17 |
Notes -- BTA is the benzotriazole solution
^represents the stoichiometric point
for the ratio''. 1 Cu+/1 Ligand.
The i m p o r t a n t  ou tcome o f  t h e s e  e x p e r i m e n t s  was t h a t  
p r o t o n  r e l e a s e  d i d  n o t  o c c u r  a n d  t h e r e f o r e  i t  was l i k e l y  t h a t  
t h e  im i d o  g r o u p s  w ere  l e f t  i n t a c t  d u r i n g  t h e  f o r m a t i o n  o f  t h e  
c o m p le x .  I t  i s  v e r y  d o u b t f u l  w h e t h e r  any  b u f f e r i n g  p r e v a i l e d  
a n d  i t  was c a l c u l a t e d  t h a t  i f  p r o t o n  r e l e a s e  h a d  o c c u r r e d ,  a s  
shown i n  t h e  f o l l o w i n g  r e a c t i o n ,  t h e n  t h e  pH a t  t h e  s t o i c h i o ­
m e t r i c  p o i n t  w ou ld  h a v e  b e e n  2 , 2 k  ( i . e .  a  c h a n g e  i n  pH o f  
- 2 . 26 )
NH + Cu   NCu + H
^  /
A l t h o u g h  net c o n c l u s i v e , I - R  s p e c t r o s c o p y  r e s u l t s  
t e n d e d  t o  s u p p o r t  t h e  f i n d i n g s ,  n am e ly  t h a t  t h e  i m id o  g r o u p  
was p r e s e n t  i n  c u p r o u s  b e n z o t r i a z o l a t e .  S p e c t r o s c o p y  a l s o  showed 
t h a t  t h e  c om plex  may h a v e  b e e n  p o l y m e r i c  a n d  i t  w i l l  be r e c a l l e d  
t h a t ,  d u r i n g  i t s  p r e p a r a t i o n ,  t h e  m o i s t  c o m p lex  was g e l a t i n o u s .
C l a s s i c a l  a n a l y s i s  h a s  shown t h a t ,  w i t h i m  t h e  e x p e r i ­
m e n t a l  e r r o r ,  1 c u p r o u s  i o n  c o m b in ed  w i t h  1 b e n z o t r i a z o l e  
l i g a n d .
A c c o r d i n g l y ,  i t  may be  p e r m i s s i b l e  t o  d e p i c t  t h e  
s t r u c t u r e  o f  c u p r o u s  b e n z o t r i a z o l a t e  t h u s  : -
H owever ,  f u r t h e r  w ork  w ou ld  be  r e q u i r e d  i n  o r d e r  t o  d e t e r m i n e  
p r o p e r l y  t h e  s t r u c t u r e .
The p r e v i o u s l y  p r o p o s e d  s t r u c t u r e
i s  u n l i k e l y  on s t e r i c  g r o u n d s ,  a l t h o u g h  s u c h  c h e l a t i o n  c o u l d  
a c c o u n t  f o r  t h e  complexe ' s  h i g h  s t a b i l i t y  t o w a r d s  h e a t  w h ic h  
w i l l  be  r e p o r t e d  l a t e r .
B. C u p r i c  i o n  -  b e n z o t r i a z o l e  r e a c t i o n  : -
The f o l l o w i n g  r e s u l t s  t y p i f y  t h o s e  o f  s e v e r a l  e x p e r i m e n t s j -
T a b l e  1 8 .  pH T i t r a t i o n  w i t h  Cu2 + i o n s .
Change i n pH T o t a l  ml o f  
BTA
Change i n  pH T o t a l  ml o f  
BTA
0 . 0 0 0 - 1 . 7 7 22
- 0 . 4 0 1 - 1 . 7 9 24x
-  0 . 7 5 2 - 1.80 26
“ 0 . 9 3 3 - 1.81 28
-  1 . 2 1 5 - 1.82 30
“ 1 . 3 2 7 - 1.81 32
-  1 . 4 2 9 -  1 . 8 l 3^
“ 1 . 5 0 • 11 -  1 . 8 o 36
“ 1 . 3 7 13 - 1.80 37
“ 1 . 6 5 16 -  1 . 8 o 39
- 1 . 6 9 18 - 1.80 4 l
- 1 . 7 3 20 - 1.80 43
N o te s
i
-  BTA i s  t h e  b e n z o t r i a z o l e  s o l u t i o n
X r e p r e s e n t s  t h e  s t o i c h i o m e t r i c  p o i n t  
f o r  t h e  r a t i o  1 Cu2 + / 2  L i g a n d s .
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From t h e s e  r e s u l t s  i t  i s  e v i d e n t  t h a t  t h e  p r e v i o u s l y  
p r o p o s e d  s t r u c t u r e 202 i s  c o r r e c t  i n  t h a t  t h e  im id o  g r o u p s  r e ­
l e a s e  p r o t o n s  i n  a c c o r d a n c e  w i t h  t h e  f o l l o w i n g  r e a c t i o n  t -
2 ^  N  ----  Cu
/
N +• 2 H
f ) .  G e n e r a l  b e h a v i o u r  o f  t h e  C o p p e r  b e n z o t r i a z o l a t e s .
C e r t a i n  c h e m i c a l  r e a c t i o n s  a n d  s d h i b i l i t y  t e s t s  were  
a t t e m p t e d  w i t h  a  v ie w  t o  f a c i l i t a t i n g  t h e  s u b s e q u e n t  w ork  d e a l ­
i n g ,  i n  p a r t i c u l a r ,  w i t h  t h e  i d e n t i f i c a t i o n  o f  e l e c t r o d e p o s i t  
i n c l u s i o n s  c a u s e d  by  b e n z o t r i a z o l e .  F o r  e x a m p l e ,  s i m p l e  t e s t s  
w ere  r e q u i r e d  w h ic h  w ou ld  e n a b l e  t h e  c o p p e r  b e n z o t r i a z o l a t e s  
an d  b e n z o t r i a z o l e  t o  be d i s t i n g u i s h e d  f ro m  e a c h  o t h e r .
The f o l l o w i n g  t a b l e  s u m m a r i s e s  some o f  t h e  more 
i m p o r t a n t  r e s u l t s  o b t a i n e d .
F o r  c o n v e n i e n c e ,  c e r t a i n  a b b r e v i a t i o n s  w i l l  be  u s e d  
i n  t h e  T a b l e  : -
c = C o n c e n t r a t e d d = Decomposed 
v s  » Very  s o l u b l e  
n  = U n a f f e c t e d  i n  a n y  way
s  = S o l u b l e
i  = I n s o l u b l e
Table 19. Some reactions of the Copper Benzotriazolates.
•
R e a g e n t  o r  S o l v e n t C uprous  com plex
_ _ _  1 
C u p r i c  c o m p lex  i
H y d r o c h l o r i c  a c i d , c . s .  w i t h  e v o l u t i o n  
o f  h y d r o g e n .
s , J
1
111
H y d r o c h l o r i c  a c i d , 2 N . i . 1s . 1i
S u l p h u r i c  a c i d , c . d . d .  |
1
S u l p h u r i c  a c i d , 1 5 N . i .  c o l d ;  s .  h o t  
t u r n i n g  o r a n g e .
s .  t o  fo rm  b l u e  11
s o l u t i o n .  1
1
S i l v e r  s u l p h a t e ,  s a t ­ s .  h o t  t o  g i v e  Ag
i11
u r a t e d  s o l u t i o n  +H2 S04 p p t .  + a q  CuS04 . i
Ammonium h y d r o x i d e , 9N. i .  c o l d  o r  b o i l i n g ; s . t o  g i v e  a  p a l e
t u r n e d  b l u e  on  a d d ­
i t i o n  o f  (Mj, )2 S2 08 .
b l u e  s o l u t i o n .
Sodium h y d r o x i d e , 2 N . i .  c o l d  o r  h o t . i .  c o l d  o r  h o t .
H y d ro g e n  p e r o x i d e , s .  warm; d .  h o t  t o s .  f o r m i n g  a
100 v o l . g i v e  N2 04 . b l u e  s o l u t i o n .
P y r i d i n d s .  t o  g i v e  p a l e s .  t o  fo rm  a  b l u e
y e l l o w  s o l u t i o n , s o l u t i o n  w i t h  e v o ­
Common s o l v e n t s .
t u r n i n g  g r e e n  i n  a i r
i .  i n  a c e t o n e , e t h e r , 
b e n z e n e , a l c o h o l ,  
c a r b o n  t e t r a c h l o r i d e  
c a r b o n  d i s u l p h i d e .
l u t i o n  o f  g a s .
P o t a s s i u m  c y a n i d e , I N v . s . s .
D i s o d iu m  EDTA,l%w/w 
F e r r i c  c h l o r i d e  0.1M
i .  c o l d  o r  b o i l i n g ,  
n*
3. t o  g i v e  b l u e  
s o l u t i o n .
H e a t n .  a t  300°C f o r  1 t u r n e d  d a r k - g r e y
!
i h o u r ;  £ a t  h i g h  temp w i t h  s m a l l  w e i g h t
1 w i t h o u t  f u s i o n . l o s s .
Metallographic Study of Inclusions caused by Benzotriazole,
The p o s s i b l e  e x i s t e n c e  o f  o r g a n i c  i n c l u s i o n s  was 
m e n t i o n e d  on  p .  133 * a n d  shown i n  F i g s .A-3 -47 ,u s i n g  e t c h e s  s u c h
a s  a l c o h o l i c  f e h h i c  c h l o r i d e  s o l u t i o n  o r  ammonium h y d r o x i d e  
c o n t a i n i n g  h y d r o g e n  p e r o x i d e .
I t  h a s  b e e n  p r e v i o u s l y  p r o p o s e d 216 t h a t  t h e  d a r k  
b a n d s  o f  a n  e t c h e d  l a m i n a t e d  b r i g h t  n i c k e l  d e p o s i t  c o n t a i n ^  
a  p r e d o m i n a n c e  o f  o r g a n i c  i n c l u s i o n s ,
a ) .  Use o f  s e l e c t i v e  r e a g e n t s .
The o n e s  em p loyed  w ere  s e l e c t e d  f ro m  t h o s e  i n  
T a b l e  19* Each  one was a p p l i e d  t o  a n  e l e c t r o d e p o s i t  w h ic h  h a d  
b e e n  p r e v i o u s l y  m oun ted  i n  p o l y t h e n e  an d  p o l i s h e d  ( a t  t h i s  
s t a g e  t h e r e  was n e v e r  an y  e v i d e n c e  o f  i n c l u s i o n s ) .
I n  v i e w  o f  t h e  s m a l l  am o u n ts  o f  i n c l u s i o n  p r o d u c e d  
by b e n z o t r i a z o l e  i n  t y p i c a l  d e p o s i t s ,  s p e c i a l  e x p e r i m e n t a l  
c o n d i t i o n s  w ere  u s e d  t o  p r o d u c e  d e p o s i t s  p o s s e s s i n g  v e r y  w ide  
a l t e r n a t e  d a r k  an d  l i g h t  b a n d s  e a s i l y  v i s i b l e  a t ,  f o r  e x a m p l e ,  
lOOx m a g n i f i c a t i o n  a f t e r  e t c h i n g .
The more s i g n i f i c a n t  r e s u l t s  a r e  s u m m a r i s e d  b e l o w  : -
T a b l e _ 2 0 . Effec_t__of_ s_e_lected 
T e s t
S p e c im e n  im m ersed  i n  h o t  
a c e t o n e .
S p e c im e n  b o i l e d  i n  10% 
d i s o d i u m  EDTA s o l u t i o n  f o r  
2 h o u r s .
S p e c im e n  im m ersed  i n  warm 
p y r i d i n e  f o r  2 h o u r s .
r e a g e n t s  o n _ e l e c t r o d e p o s i t  _ X - s e c t i o n s  
O b s e r v a t i o n s
A p p e a r a n c e  o f  c r o s s - s e c t i o n  u n ­
c h a n g e d ,  i . e ,  no e v i d e n c e  o f  
s o l u b l e  m a t t e r  s u c h  a s  b e n z o t r i ­
a z o l e  e
A p p e a r a n c e  o f  c r o s s - s e c t i o n  u n ­
c h a n g e d ,  t h e r e f o r e  i n c l u s i o n  was 
n o t  c u p r i c  b e n z o t r i a z o l a t e .  
C l e a r l y  d e f i n e d  b a n d i n g  p r o d u c e d  
on c r o s s - s e c t i o n  -  s e e  F i g .  68 .
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C r o s s - s e c t i o n  o f  a  c o p p e r  e l e c t r o d e p o s i t  a f t e r  r e m o v a l  o f  
i n c l u d e d  c u p r o u s  b e n z o t r i a z o l a t e  b y  p y r i d i n e .  
M a g n i f i c a t i o n ,  x  ^ 0 0 ,
The l a s t  r e s u l t  t a b u l a t e d  s u g g e s t e d  t h a t  t h e  i n c l u s i o n  was 
p r o b a b l y  c u p r o u s  b e n z o t r i a z o l a t e ,  b u t  t h i s  was s u b s t a n t i a t e d  
by f u r t h e r  c h e m i c a l  a n a l y s i s  r e p o r t e d  on  p .  176 .
b ) .  H e a t - t r e a t m e n t  o f  d e p o s i t s .
L a r g e ,  t h i c k  s e c t i o n s  o f  f u l l y  b r i g h t  d e p o s i t s  
w ere  p r e p a r e d  u s i n g  t h e  f o l l o w i n g  p l a t i n g  c o n d i t i o n s  : -
S o l u t i o n  -  0.3M CuS(\ +0.5M H2 S ( \ + 0 .0 0 1 M  b e n z o ­
t r i a z o l e  ,
Temp, -  2 5 °C ,
C u r r e n t  d e n s i t y  -  3 A/dm2 ,
A . g i t a t i o n  -  s o l u t i o n  a g i t a t e d  by  v i b r a t i o n .
F i g s .69,7^show t y p i c a l  c r o s s - s e c t i o n s  a f t e r  p o l i s h i n g  a n d  e t c h i n g ,
en d  t h e  wavy b a n d e d  a p p e a r a n c e  w i l l  be  r e f e r r e d  t o  l a t e r .
A, R a p i d  h e a t i n g  -  t h i s  was c a r r i e d  o u t  u s i n g  t h e  
s i m p l e  a r r a n g e m e n t  shown b e l o w .
W a te r  l e v e l
. E l e c t r o d e p o s i t
H o t - c o l d  j u n c t i o n
. T e s t  t u b e
H e a t i n g  was a p p l i e d  f o r  a  few s e c o n d s  a t  XY by e i t h e r  a  g a s -  
f l a m e  o r  by  e l e c t r i c a l  r e s i s t a n c e .  A f t e r  c o o l i n g  t h e  d e p o s i t  
was c r o s s - s e c t i o n e d ,  p o l i s h e d  an d  e t c h e d .  F i g . 71 , shows t h e  
r e s u l t s  and  i t  w i l l  be o b s e r v e d  t h a t  f r a c t u r e  o c c u r r e d  a l o n g  
t h e  p a r a l l e l  b a n d s  i n  t h e  r e g i o n  o f  t h e  h o t - c o l d  j u n c t i o n .  
The f r a c t u r e  s i t e s  p r o v i d e d  a n  i n d i c a t i o n  o f  t h e  
r e g i o n s  o f  h i g h e s t  i n c l u s i o n  c o n c e n t r a t i o n  w h e r e ,  i t  was
FIGURE 69
C r o s s - s e c t i o n  o f  a  f u l l y  b r i g h t  c o p p e r  e l e c t r o d e p o s i t ,  p l a t e d  
f rom  a  s o l u t i o n  c o n t a i n i n g  b e n z o t r i a z o l e  a s  a n  a d d i t i o n  a g e n t .  
E t c h e d  w i t h  a l c o h o l i c  f e r r i c  c h l o r i d e .
M a g n i f i c a t i o n ,  x 1 , 0 0 0 .
172,
FIGURE 70
C r o s s - s e c t i o n  o f  a  f u l l y  b r i g h t  c o p p e r  e l e c t r o d e p o s i t .  
. D e t a i l s  a s  g i v e n  f o r  t h o s e  u n d e r  F i g . 69 .
M a g n i f i c a t i o n ,  x  ,5*000.

F I G U R E  7 1
E f f e c t  o f  r a p i d  h e a t i n g ,  o f  s h o r t  d u r a t i o n ,  o n  a  c o p p e r  
e l e c t r o d e p o s i t  c o n t a i n i n g  i n c l u s i o n s  o f  c u p r o u s  h e n z o t r i a z o l a t e .  
C r o s s - s e c t i o n  e t c h e d  w i t h  a l c o h o l i c  f e r r i c  c h l o r i d e „
M a g n i f i c a t i o n ,  x  1 , 0 0 0 0
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a s s u m e d ,  t h e  i n c l u s i o n  d i d  n o t  f l o w  d u r i n g  t h e  h e a t i n g  p r o c e s s  
S i m i l a r  f r a c t u r e  b e h a v i o u r  was p r o d u c e d  i f  t h e  d e p o s i t  were  
m e c h a n i c a l l y  d e f o r m e d  a n d ,  i n  s u c h  c a s e s ,  t h e  d e p o s i t  s o m e t im e  
s e p a r a t e d  i n  d i s t i n c t  f l a k e s  o r  l a m i n a t i o n s .
•B. S lo w ,  c o n t r o l l e d  h e a t i n g  -  d i f f e r e n t  s p e c i m e n s  
w ere  h e a t e d  a t  v a r i o u s  t e m p e r a t u r e s  an d  t i m e s  i n  a n  i n e r t  a t ­
m o s p h e re  t o  i n d u c e  r e c r y s t a l l i s a t i o n  o f  t h e  c o p p e r .  I n  F i g .72 
i t  c a n  be  s e e n  t h a t  c r y s t a l  g r o w t h  c o m m e n c e d , i n i t i a l l y , i n  a  
d i r e c t i o n  p a r a l l e l  t o  t h e  b a n d s  an d  t h e r e f o r e  i n  a  d i r e c t i o n  
w here  g r o w th  was l e a s t  i n h i b i t e d  by s u r r o u n d i n g  i n c l u s i o n s .
E x t r a c t i o n  an d  Chem icaJ  A n a l y s i s  o f  t h e  I n c l u s i o n s .
Owing t o  t h e  s m a l l  p e r c e n t a g e  o f  i n c l u s i o n s  l i k e l y  
t o  be p r e s e n t ^ l O O  g o f  c o p p e r  e l e c t r o d e p o s i t  were  t h e r e f o r e  
p r e p a r e d  f o r  a n a l y s i s  u s i n g  t h e  f o l l o w i n g  p l a t i n g  c o n d i t i o n s
S o l u t i o n  -  0.5M CuSO%+0.5M H2 SCH+- 0 .001M B e n z o t r i -
a z o l e .
T e m p e r a t u r e  -  25°C 
C a t h o d e  a r e a  -  50  cm2 
C u r r e n t  d e n s i t y -  2 A/dm2
A g i t a t i o n  r  S o l u t i o n  v i b r a t i o n
Anodes  -  C o p p e r ,  s e p a r a t e d  by  p o r o u s  d i a p h r a g m s  
t o  a v o i d  c o n t a c t  w i t h  b e n z o t r i a z o l o ( t h e  
u s e  o f  t h e s e  d i a p h r a g m s  i s  d e s c r i b e d  on 
P . 201 ) .
P l a t i n g  t i m e  -  A p p r o x i m a t e l y  100 h o u r s .
a ) .  P r i n c i p l e  o f  t h e  r e c o v e r y  o f  t h e  i n c l u s i o n s .
I t  was a s s u m e d  t h a t  t h e  i n c l u s i o n s  c o n s i s t e d  o f  
c u p r o u s  b e u z o t r i a z o l a t e  a n d ,  a c c o r d i n g  t o  t h e  o b s e r v a t i o n s  
d e s c r i b e d  on p .  167  » i h e  f o l l o w i n g  r e a c t i o n  was c o n s i d e r e d  a s
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E f f e c t  o f  c o n t r o l l e d  h e a t i n g  o n  t h e  r e c i y s t a l l i s a t i o n  o f  a  
c o p p e r  e l e c t r o d e p o s i t  c o n t a i n i n g  i n c l u s i o n s  o f  c u p r o u s  
b e n z o t r i a z o l a t e .
C r o s s - s e c t i o n  e t c h e d  w i t h  a l c o h o l i c  f e r r i c  c h l o r i d e .
M a g n i f i c a t i o n ,  x  5 0 0 .
1 7 7
.     i
r e p r e s e n t i n g  t h e  m o s t  l i k e l y  way o f  r e c o v e r i n g  t h e  o r g a n i c  
m a t e r i a l  w i t h o u t  s e r i o u s  d e c o m p o s i t i o n  j -
i Cu + ■ Cu+L i g .  i + Ag2 S C \  2Ag J
ELECt 3 )D E P 0 S IT  ^
(w h e re  L i g = B e n z o t r i a z o l e  l i g a n  d)
H owever ,  i t  h a s  b e e r  shown t h a t  s i l v e r  c a n  fo rm  i n s o l u b l e  
s i l v e r  b e n z o t r i a z o i a t e  i n  a c i d  s o l u t i o n 201 , a n d  i t  was n e c e s s ­
a r y  t o  d e t e r m i n e  i f  t h e  a b o v e  r e a c t i o n  c o u l d  be e f f e c t e d  a t  a  
pH s u f f i c i e n t l y  low t o  a v o i d  l o s s  o f  b e n z o t r i a z o l e  t h r o u g h  
p r e c i p i t a t i o n  w i t h  s i l v e r *  an d  c u p r o u s  i o n s ,
A c c o r d i n g l y ,  i t  was e s t a b l i s h e d  t h a t  p r o v i d e d  t h e  
r e a c t i o n  was c a r r i e d  o u t  i n  1 3 % v / v  s u l p h u r i c  a c i d  t h e n  t h e  
f o r m a t i o n  o f  i n s o l u b l e  s i l v e r  an d  c u p r o u s  b e n z o t r i a z o l a t e s  
was a v o i d e d .  At t h i s  s t a g e  i t  was n o t e d  t h a t ,  i f  once  s i l v e r  
b e n z o t r i a z o i a t e  f o r m e d ,  i t  was o n l y  s l o w l y  d i s s o c i a t e d  by  e v e n  
h o t  60% v / v  s u l p h u r i c  a c i d .
The s i m p l e  d i s p l a c e m e n t  r e a c t i o n ,  t h a t  i s  b e t w e e n  
c o p p e r  m e t a l  an d  a q u e o u s  s i l v e r  s u l p h a t e ,  h a s  a l r e a d y  b e e n  
d e s c r i b e d  on p ,  36  , a n d  i t s  p a r t i c u l a r  v i r t u e  was t h a t  t h e  
d i s p l a c e d ’s i l v e r  d i d  n o t  a d h e r e  t o  t h e  u n d e r l y i n g  c o p p e r  t o  
s t i f l e  f u r t h e r  r e a c t i o n .  The u s e  o f  m e r c u r i c , o r  m e r c u r o u s  , 
s u l p h a t e  was c o n s i d e r e d  a s  p o s s i b l y  p r o v i d i n g  a  more v i g o r o u s  
d i s p l a c e m e n t  r e a c t i o n ,  b u t  i t  was f o u n d  t h a t  a n y  i n i t i a l l y  
d i s p l a c e d  m e r c u r y  f o rm e d  a n  a d h e r e n t  an d  c o n t i n u o u s  s t i f l i n g  
l a y e r .
The p r o c e d u r e , t h e n ,  was t o  b o i l  t h e  c o r r e c t  w e ig h e d  
am o u n ts  o f  c o p p e r  e l e c t r o d e p o s i t  an d  s i l v e r  s u l p h a t e  i n  1 3 % v / v  
s u l p h u r i c  a c i d .  The r e a c t i o n  was c o m p l e t e  w i t h i n  a  m i n u t e  w here  
upon  a l l  t h e  d i s p l a c e d  s i l v e r  c o - a g u l a t e d  t o  l e a v e  a  c l e a r  
s u p e r n a t a n t  l a y e r  c f  a c i d i f i e d  c o p p e r  s u l p h a t e  t o g e t h e r  w i t h  
a n y  r e c o v e r e d  o r g a n i c  m a t t e r .  Any e x c e s s  s i l v e r  i o n s  were, r e -
+ CuS(\  + a q . B e n z o  
t r i a z o l e
moved by a small addition of sodium chloride.
For convenience this solution containing recovered 
organic matter will be termed SOLUTION X,
b). Extraction of Organic Matter from SOLUTION X.
The pH o f  SOLUTION X was r a i s e d  t o  1 , 7  ( i . e .  j u s t  
b e lo w  t h e  v a l u e  a t  w h ic h  c u p r i c  b e n z o t r i a z o i a t e  c o u l d  f o r m ) ,  
w i t h  10 % w /v  s o d iu m  h y d r o x i d e  s o l u t i o n .  The e f f e c t  o f  pH on 
e x t r a c t i o n  e f f i c i e n c y  h a s  b e e n  d i s c u s s e d  e l s e w h e r e 2 1 2 .
Then, under standard extraction conditions, A,R. 
ether was used to dissolve out organic matter from SOLUTION X,
A solid,Z,was finally isolated from the ether extracts and 
the amount was carefully weighed in relation to the volume 
of SOLUTION X and also to the exact amount of copper electro­
deposit employed.
At this stage a blank extraction run was carried out 
to check that no organic matter was simultaneously included in 
Z due to impurities in the reagents used.
c). Qualitative Analysis of SOLID Z.
A p p e a r a n c e  -  O f f - w h i t e  c o l o u r ,  n e e d l e - l i k e  c r y s t a l s ,
M . P t .  -  96 -  98°C ( m . p t .  o f  p u r e  b e n z o t r i -
a z o l e  = 96 -  99°C 2 1 3 a ~® ) . T h e  m ixed  
m e l t i n g  p o i n t  w i t h  p u r e  b e n z o t r i a z o l e  
was 97°C .
H e a t  -  D i s t i l l e d  w i t h o u t  d e c o m p o s i t i o n ,  an d
v a p o u r  p o s s e s s e d  a  c h a r a c t e r i s t i c  
o d o u r  o f  b e n z o t r i a z o l e  v a p o u r .
A c t i o n  o f -
Aq. s i l v e r  n i t r a t e  -  W hi te  p r e c i p i t a t e , h a v i n g  s i m i l a r  p r o p ­
e r t i e s  t o  t h o s e  o f  s i l v e r  b e n z o t r i -
, . a z o l a t e ,  was s l o w l y  fo r m e d .
A c t i o n  o f -  7
Aq, c o p p e r  s u l p h a t e  -  T o u r q u o i s e  p r e c i p i t a t e f h a v i n g  s i m i l a r
p r o p e r t i e s  t o  t h o s e  o f  c u p r i c  b e n z o -  
t i i a z o l a t e ,  was i m m e d i a t e l y  f o r m e d .
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I - R  S p e c t r o s c o p y  -  T h i s  was c a r r i e d  o u t  b e t w e e n  t h e  wave
numbers  6 0 0 - 1 7 5 0  cm 1 , u s i n g  N u j o l  a s  
a  s o l v e n t .  F i g ,73 shows t h e  r e c o r d i n g s  
f o r  b o t h  Z a n d  p u r e  b e n z o t r i a z o l e .
SUMMARY -  S o l i d  Z a p p e a r e d  t o  be b e n z o t r i a z o l e  w i t h  
no e v i d e n c e  o f  a n y  s i g n i f i c a n t  i m p u r i t y  
c o n t e n t .
d.) . Q u a n t i t a t i v e  A n a l y s i s  o f  S o l i d  Z.
The g r a v i m e t r i c  p r o c e d u r e  p r e v i o u s l y  o u t l i n e d 201 
was m o d i f i e d  s o  t h a t  e x c e s s  s i l v e r  n i t r a t e  s o l u t i o n  was u s e d  
t o  p r e c i p i t a t e  q u a n t i t a t i v e l y  a n  unknown am ount o f  Z a s  s i l v e r  
b e n z o t r i a z o i a t e ,
R e s u l t s  showed  t h a t  s o l i d  Z was 99% p u r e  ( c a l c u ­
l a t e d  a s  b e n z o t r i a z o l e ) .
The v o l u m e t r i c  p r o c e d u r e  s u g g e s t e d 201 was f o u n d  t o  
be i r r e p r o d u c i b l e  f o r  t h e  s m a l l  am oun ts  o f  s o l i d  Z i n v o l v e d .
e ) .  Q u a n t i t a t i v e  D e t e r m i n a t i o n  o f  t h e  r a t i o , I n c l u s i o n / C o p p e r  
m e t a l .
E x t r a c t i o n  e f f i c i e n c y  t e s t s  were  c a r r i e d  o u t  u s i n g  
t h e  s t a n d a r d  c o n d i t i o n s  u s e d  f o r  i s o l a t i n g  Z f rom  SOLUTION X* 
A c c o r d i n g l y ,  u s i n g  p u r e  b e n z o t r i a z o l e  i n s t e a d  o f  Z,  t h e  e f f i c ­
i e n c y  was f o u n d  t o  be  60 +_ k %.
The f o l l o w i n g  r a t i o '  was o b t a i n e d , a s s u m i n g  t h a t  a  
s i m i l a r  e x t r a c t i o n  e f f i c i e n c y  p r e v a i l e d  d u r i n g  t h e  i s o l a t i o n  
o f  Z
I n c l u s i o n  ( a s  b e n z o t r i a z o l e )  .1
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F i g . 73-  I n f r a - r e d  s p e c t r a  r e c o r d i n g s  o f  B e n z o t r i a z o l e .
181
f ) .  Need f o r  Anode I s o l a t i o n  u s i n g  p o r o u s  d i a p h r a g m s .
T h i s  was am ply  shown by  t h e  f o l l o w i n g  f a c t s .  F o r  
e x a m p l e ,  w i t h o u t  a n o d e  i s o l a t i o n ,  s o l i d  Z p o s s e s s e d  a n  u n s h a r p  
m e l t i n g  p o i n t  w i t h  s o f t e n i n g  commencing  a t  a b o u t  73°C .  F u r t h e r ­
more Z was c o n t a m i n a t e d  w i t h  a  r e d  o i l y  s u b s t a n c e  w h ich  may 
have  a r i s e n  a s  a n  o x i d a t i o n  p r o d u c t  o f  b e n z o t r i a z o l e  a t  t h e  
c o p p e r  a n o d e s .  Thus t h e  b e n z e n e  r i n g  c a n ,  u n d e r  c e r t a i n  e l e c ­
t r o l y s i s  c o n d i t i o n s ,  g i v e  r i s e  t o  h i g h l y  c o l o u r e d  q u i n o n e s21 * . 
B e n z o t r i a z o l e  q u i n o n e s ,  p r e p a r e d  by  o t h e r  m e t h o d s ,  w ere  d e s ­
c r i b e d  a s  b e i n g  v e r y  s o l u b l e ,  a m p h o t e r i c  an d  c o l o u r e d  r e d ,  c r  
o r a n g e 2 15  ^ i t  i s  b e l i e v e d  t h a t  t h i s  r e d  m a t e r i a l  c a u s e d
t h e  c o p p e r  d e p o s i t s  t o  be h i g h l y  s t r e s s e d  an d  p o o r l y ,  r e f l e c t -
I t  was a l s o  o b s e r v e d  t h a t , w i t h o u t  a n o d e  i s o l a t i o n ,  
t h e  c o p p e r  a n o d e s  became s u r r o u n d e d  by a  w h i t e  f l a k e - l i k e  
m a t e r i a l  t h a t  p o s s e s s e d  some o f  t h e  g e n e r a l  c h e m i c a l  p r o p e r t i e s  
o f  a  c a r b o x y l i c  a c i d .  T h i s  may h a v e  b e e n  a n o t h e r  o x i d a t i o n  p r o ­
d u c t  o f  b e n z o t r i a z o l e ,  f o r  e x a m p le ,  1 , 2 , 3  -  T r i a z o l e - d i c a r b o x -  
y l i c  a c i d - C i f j ^ )
COOH
C N
C
NH
COOH
H ow ever ,  no o x i d a t i o n  p r o d u c t s  w e re  p r o d u c e d  when t h e  an o d e  
was p o l i s h e d  p l a t i n u m  f r e e l y  i n  c o n t a c t  w i t h  t h e  a q u e o u s  
b e n z o t r i a z o l e .
g ) . Summary.
The g e n e r a l  c h e m i c a l  b e h a v i o u r  o f  c o p p e r  d e p o s i t s  
c o n t a i n i n g  i n c l u s i o n s  c a u s e d  by  b e n z o t r i a z o l e  i n d i c a t e d  t h a t  
t h e  i n c l u s i o n s  w ere  p r o b a b l y  w h o l l y  c u p r o u s  b e n z o t r i a z o i a t e .  
I t  was u n l i k e l y  t h a t  a n y  d i f f e r e n t  c o - d e p o s i t e d  c h e m i c a l  
c o u l d  h a v e  g i v e n  r i s e  t o  a  s o l i d  Z t h a t  was b e n z o t r i a z o l e .  
F u r t h e r m o r e ,  i t  was u n l i k e l y  t h a t  a n y  o t h e r  m a t e r i a l  c o ­
d e p o s i t e d  u n l e s s  i t  w ere  h i g h l y  v o l a t i l e  a n d  e v a p o r a t e d , f o r  
e x a m p l e ,  d u r i n g  t h e  d i s p l a c e m e n t  r e a c t i o n .
I t  i s  e m p h a s i s e d  t h a t  t h i s  q u a n t i t a t i v e  a n a l y s i s  
o f  i n c l u s i o n  c o n t e n t  was made p o s s i b l e  o n l y  by  t h e  u s e  o f  
e x c e s s i v e l y  l a r g e  a m oun ts  o f  s u i t a b l e  e l e c t r o d e p o s m t s .
A m e thod  w i l l  be d e s c r i b e d  i n  t h e  f o l l o w i n g  p a g e s  
w h ic h  f a c i l i t a t e d  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t r a c e  
a m o u n ts  o f  i n c l u s i o n s .
Q u a n t i t a t i v e  A n a l y s i s  o f  I n c l u s i o n  C o n t e n t  by  a  P o l a r i s a t i o n  
T e c h n i q u e 9
I t  h a s  b e e n  shown a b o v e  t h a t  c l a s s i c a l ,  d i r e c t  
m e th o d s  o f  a n a l y s i s  r e q u i r e  i n c o n v e n i e n t l y  l a r g e  s a m p l e s  o f  
e l e c t r o d e p o s i t s .  A c c o r d i n g l y ,  a n  i n d i r e c t  m e thod  was s o u g h t  
w h e re b y  o n l y  a  s m a l l  w e i g h t  o f  d e p o s i t ,  p o s s i b l y  c o n t a i n i n g  
m i c r o - g r a m  q u a n t i t i e s  o f  c u p r o u s  b e n z o t r i a z o i a t e ,  c o u l d  be 
r e p r o d u c i b l y  an d  a c c u r a t e l y  a n a l y s e d  a s  s p e e d i l y  a s  p o s s i b l e .  
The m a rke d  e f f e c t s  o f  t r a c e s  o f  b e n z o t r i a z o l e  on 
ti h a s  b e e n  m e n t i o n e d  e a r l i e r  an d  a  m e thod  o f  a n a l y s i s  was 
d e v e l o p e d  w h ic h  i n v o l v e d  t h e  p r i n c i p l e  t h a t  a  f i x e d  amount 
o f  b e n z o t r i a z o l e  ( o b t a i n e d  f rom  c u p r o u s  b e n z o t r i a z o i a t e )  c o u l d  
g i v e  a  r e p r o d u c i b l e  an d  d e f i n i t e  c o r r e s p o n d i n g  v a l u e  o f  r\a
u n d e r  s t a n d a r d  c o n d i t i o n s .  T h i s  t e c h n i q u e  w i l l  be r e f e r r e d  t o  
a s  POLARISATION ANALYSIS.
P o l a r i s a t i o n  a n a l y s i s  h a s  b e e n  s u g g e s t e d  b e f o r e  a s  a  way o f  c o n ­
t r o l l i n g  t h e  amount o f  g e l a t i n  p r e s e n t  a s  a n  a d d i t i o n  a g e n t  i n  
c e r t a i n  a c i d  c o p p e r  p l a t i n g  s o l u t i o n s 2 7 ,
The a v a i l a b i l i t y  o f  t h e  R . S ,  m e th o d ,  w h ich  was now 
h i g h l y  d e v e l o p e d ,  f a c i l i t a t e d  a n a l y s e s  by v e r y  a c c u r a t e  p o l ­
a r i s a t i o n  m e a s u r e m e n t s .  F o r  e x a m p le ,  r e p e a t e d  m e a s u r e m e n t s  o f
a n F c u r r e n t  d e n s i t y  w ere  p o s s i b l e  w i t h o u t  a n y  s i g n i f i c a n t  
l o s s  o f  b e n z o t r i a z o l e  t h r o u g h  i t s  c o - d e p o s i t i o n .  I t  was a l s o  
m e n t i o n e d  e a r l i e r  t h a t ,  e v e n  w xth  a  h i g h  c o n c e n t r a t i o n  o f  b e n — 
z o t r i a z o l e  p r e s e n t ,  c o p p e r  c o u l d  be  a n o d i c a l l y  s t r i p p e d  s m o o t h ­
l y  f rom  t h e  r e p r o d u c i b l e  p l a t i n u m  s u b s t r a t e ,
a ) .  Optimum A n a l y s i s  C o n d i t i o n s .
A w ide  r a n g e  o f  e x p e r i m e n t a l  c o n d i t i o n s  was s t u d i e d  
w i t h  a  v ie w  t o  e s t a b l i s h i n g  t h e  c o n d i t i o n s  an d  c o m p o s i t i o n  o f  
t h e  a c i d  c o p p e r  s u l p h a t e  s o l u t i o n  ( c o n t a i n i n g  b e n z o t r i a z o l e  t o  
be a n a l y s e d )  f o r  optimum r e s u l t s .
The c o n d i t i o n s  f i n a l l y  s e l e c t e d  w ere  j -
S o l u t i o n  -  0.125M CuSO^ + 0.3M H2 SO* , p r e p a r e d  by
d i s s o l v i n g  c o p p e r  i n  a c i d  s i l v e r  s u l p h a t e  
s o l u t i o n .
T e m p e r a t u r e  -  27*3°C 
C u r r e n t  d e n s i t y  -  0 , 0 3  A/dm2 , g a l v a n o s t a t i c .
A g i t a t i o n  -  S o l u t i o n  v i b r a t i o n ,  a s  u s e d  i n  t h e  R . S ,
m e th o d ,  w i t h  a n  a m p l i t u d e  o f  0 . 08M.
P r e f o r m  and
D e p l a t e  -  0 . 3  A/dm2 .
The a b o v e  s e l e c t i o n  was i n f l u e n c e d ,  f o r  e x a m p l e ,  by  t h e  r e q u i r e ­
ment  t h a t  t h e  s o l u t i o n  s h o u l d  c o n t a i n  t h e  l o w e s t  c o n c e n t r a t i o n  
o f  c o p p e r  c o n s i s t e n t  w i t h  s a t i s f a c t o r y  c o p p e r  d e p o s i t i o n  -  t h u s  
c o n s e r v i n g  t h e  u s e  o f  e x p e n s i v e  s i l v e r  s u l p h a t e .  F u r t h e r m o r e ,
i t  was a l s o  r e q u i r e d  t h a t  q s h o u l d  e x h i b i t  t h e  maximum r e s p o n s ecl
t o  an y  g i v e n  s m a l l  amount o f  b e n z o t r i a z o l e .
b ) .  R e l a t i o n s h i p  b e t w e e n  ti an d  B e n z o t r i a z o l e  c o n c e n t r a t i o n .
U s i n g  t h e  ab o v e  c o n d i t i o n s  t h e  c a l i b r a t i o n ,  o r  
r e f e r e n c e ,  p l o t  shown i n  F i g . 7^  . was o b t a i n e d  w h ich  was r e ­
p r o d u c i b l e  w i t h i n  t h e  i n s t r u m e n t  e r r o r  (+_ 1%).
I t  was f o u n d  t h a t  d e s p i t e  f i l m  f o r m a t i o n  ( d i s c u s s e d  
f u r t h e r  on p ,  188 ) t h e  p o t e n t i a l  o f  t h e  c o p p e r - p l a t e d  p l a t i n u m  
e l e c t r o d e  X q u i c k l y  r e a c h e d  a  s t e a d y ,  r e p r o d u c i b l e  an d  w e l l -  
d e f i n e d  v a l u e  when t h e  e l e c t r o l y s i n g  c u r r e n t  was s w i t c h e d ' o f f .  
Thus p r e c i s e  v a l u e s  c o u l d  be a s s i g n e d  t o  ti .
The fo rm  o f  t h e  p l o t  shown i n  F i g . 7 ^  * w i t h  l i n e a r i t y  
commencing a t  a n  o v e r p o t e n t i a l  o f  a b o u t  50 kiV, s u g g e s t e d  t h a t  
w i t h  i n c r e a s i n g  b e n z o t r i a z o l e  c o n c e n t r a t i o n  t h e  c a t h o d e  s u r f a c e  
became more e x t e n s i v e l y  c o v e r e d  w i t h  a  s o l i d  f i l m  o f  c u p r o u s  
b e n z o t r i a z o i a t e .  The t r u e  c u r r e n t  d e n s i t y ,  and  t h e r e f o r e  t\ , 
was t h e r e f o r e  r a i s e d  w i t h  e a c h  a d d i t i o n  o f  b e n z o t r i a z o l e  e v e n  
t h o u g h  t h e  a p p l i e d  c u r r e n t  was m a i n t a i n e d  a t  a  c o n s t a n t  v a l u e ,
c ) .  E r r o r s ,  A c c u r a c y  an d  L i m i t a t i o n s .
The f o l l o w i n g  i m p o r t a n t  f a c t o r s  w ere  e s t a b l i s h e d  
i n  o b t a i n i n g  t h e  r e f e r e n c e  p l o t  o f  -  l o g ( b e n z o t r i a z o l e  c o n -Bl
c e n t r a t i o n )  : -
A. The l o w e s t  c o n c e n t r a t i o n  o f  b e n z o t r i a z o l e  t h a t  
c o u l d  be  s a t i s f a c t o r i l y  a n a l y s e d  was a b o u t  10 7M o l a r .
B. ti c o u l d  be  m e a s u r e d  t o  w i t h i n  + 1% o f  t h e  a v e r -  — a  —
a g e  v a l u e .  H e n c e ,  f o r  t h e  l i n e a r  r e g i o n  o f  t h e  r e f e r e n c e  p l o t  
t h e  c o r r e s p o n d i n g  d e v i a t i o n  o f  t h e  g r a p h i c a l l y - d e t e r m i n e d  v a l u e  
o f  b e n z o t r i a z o l e  c o n c e n t r a t i o n  w ou ld  be 42 .5%.  F o r  v e r y  low 
c o n c e n t r a t i o n s  o f  b e n z o t r i a z o l e  t h e  d e v i a t i o n  o f  t h e  g r a p h i c a l l y -  
d e t e r m i n e d  v a l u e  w ou ld  be  g r e a t e r .
C_. C o p p e r  s u l p h a t e  c o n c e n t r a t i o n  -  a  +10% v a r i a t i o n  
f rom  t h e  s t a n d a r d  v a l u e  o f  0.125M h a d  no m e a s u r a b l e  e f f e c t  on
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Experimental Conditions
Solution, 0.125M CuSO* + 0.5M H* S04 . 
Temperature, 27.5°C.
Current density, 0.03 A/dm2 . 
Agitation amplitude, 0.08”.
Preform and Deplate current density, 0.3 A/dnr .
t h e  r e f e r e n c e  p l o t .
I). S u l p h u r i c  a t  i d  c o n c e n t r a t i o n  -  t h e  r e s u l t s  due 
t o  v a r i a t i o n  w ere  s i m i l a r  t o  t h o s e  i n  C_.
E,  S i l v e r  i o n s  -  t h e  p r e s e n c e  o f  t h e s e  c a u s e d  m arked  
d e p o l a r i s a t i o n  an d  t h i s  e f f e c t  h a s  b e e n  d i s c u s s e d ,  i n  g e n e r a l  
t e r m s ,  e l s e w h e r e226 . However ,  s i l v e r  i o n s  w ere  n o r m a l l y  r e ­
moved by  e q u i l i b r a t i n g  t h e  s o l u t i o n  f o r  a n a l y s i s  w i t h  coppver 
f o i l .  P r e - e l e c t r o l y s i s  a t  low c u r r e n t  d e n s i t y  ( 0 . 0 1  A/dm2 ) was 
a l s o  f o u n d  t o  h a s t e n  t h e  r e m o v a l  o f  s p u f ' l o u s  s i l v e r  i o n s .
F .  C h l o r i d e  i o n s  -  t h e  p r e s e n c e  o f  t h i s  i m p u r i t y
c o u l d  c a u s e  m a rke d  d e p o l a r i s a t i o n .  F o r  e x a m p l e , u n d e r  one s e t
o f  c o n d i t i o n s ,  0 . 3ppm h a d  110 e f f e c t  (q = 49. .5mV) b u t  Os9xopma
c a u s e d  d e p o l a r i s a t i o n  ( t \ # f e l l  t o  38 .5mV).cl
P r o v i d e d  t h e  same c a r e  was em p loyed  a s  t h a t  d e t a i l e d  
i n  t h e  p r e p a r a t i o n  o f  s u p e r - p u r e  s o l u t i o n s  t h e n  e r r o r s  due t o  
t h i s  i m p u r i t y  c o u l d  be  a v o i d e d .
d ) . P r o c e d u r e  f o r  A n a l y s i s  o f  I n c l u s i o n  C o n t e n t .
The e s s e n t i a l  r e a c t i o n s  i n v o l v e d  i n  t h e  i n i t i a l  
d i s s o l u t i o n  o f  t h e  c o p p e r  d e p o s i t ,  a n d  t h e  i m p o r t a n c e  o f  pH, 
h a v e  b e a n  d e t a i l e d  on p .176 .
The p r o c e d u r e  was a s  f o l l o w s : -
The a c c u r a t e l y  w e ig h e d  e l e c t r c d e p o s i t  ( e . g .  a b o u t  
O . l g )  was d i s s o l v e d  up i n  a  b o i l i n g  s o l u t i o n  c o n t a i n i n g  9 . 8 g  
o f  s i l v e r  s u l p h a t e ,  7.0 ml o f  r e - d i s t i l l e d  s u l p h u r i c  a c i d  an d  
35 ml o f  d i s t i l l e d  w a t e r .  The s t c i c h i o m e t r i c  am ount o f  c o p p e r  
m e t a l  r e q u i r e d  f o r  t h i s  r e a c t i o n  was 2 . 00g an d  an y  d e f i c i e n c y  
i n  t h i s  s t o i c h i o m e t r i c  v a l u e  was made up by  a d d i t i o n  o f  A .R ,  
c o p p e r  f o i l .  A f t e r  one m i n u t e  t h e  r e a c t i o n  was v i r t u a l l y  com­
p l e t e , a n d  t h e  c o o l e d  c l e a r  s u p e r n a t a n t  l a y e r  a n d  w a s h i n g s  
were  d e c a n t e d  i n t o  a p r o p e r l y  c l e a n e d  250 ml v o l u m e t r i c  f l a s k .
T h i s  s o l u t i o n  was l e f t  o v e r n i g h t  i n  c o n t a c t  w i t h  
c o p p e r  f o i l  t o  e q u i l i b r a t e  t h e  r e a c t i o n
Then t h e  c o p p e r  f o i l  was rem oved  an d  t h e  s o l u t i o n  was made up 
t o  t h e  230  ml m a rk .  The c o m p o s i t i o n  o f  t h i s  f i n a l  s o l u t i o n  
w as ,  a s  d e t a i l e d  i n  a ) , ,  0 .125M CuS(\ +0.5M Hg S( \  + a n  unknown 
am ount o f  b e n z o t r i a z o l e .
125 ml o f  t h i s  s o l u t i o n  was t a k e n  t o  c h a r g e  t h e  
e l e c t r o l y s i s  c e l l  a n d  t h e n  q was m e a s u r e d  u n d e r  t h e  s t a n d a r dBl
c o n d i t i o n s .  F u r t h e i  d e t e r m i n a t i o n s  w ere  c a r r i e d  o u t ,  whore  
n e c e s s a r y ,  by  d i l u t i n g  t h e  s o l u t i o n  w i t h  a  known vo lume o f  
s u p e r - p u r e  s o l u t i o n  w h ic h  was a l s o  G.125M CuS04 +- 0.5M Hg S ( \  .
T hen ,  w i t h  r e f e r e n c e  t o  t h e  p l o t  shown i n  F i g ,
t h e  amount o f  i n c l u s i o n  o r i g i n a l l y  p r e s e n t  i n  t h e  s a m p le  o f
e l e c t r o d e p o s i c  was d e d u c e d ,
e ) .  A p p l i c a t i o n s .
W i t h i n  t h e  e x p e r i m e n t a l  t o l e r a n c e s  i n i t i a l  t e s t s  
showed  t h a t  q u a n t i t a t i v e  a g r e e m e n t  was o b t a i n e d  u s i n g  p o l a r ­
i s a t i o n  a n a l y s i s  a n d  t h e  a l t e r n a t i v e  m e thod  b a s e d  on a  know­
l e d g e  o f  e t h e r - e x t r a c t i o n  e f f i c i e n c y .
A c c o r d i n g l y ,  i t  was f e l t  t h a t  t h e  m e thod  o f  p o l a r ­
i s a t i o n  a n a l y s i s  was r e l i a b l e  a n d  c o u l d  be  u s e d  i n  a  g e n e r a l ,  
s t u d y  o f  f a c t o r s  a f f e c t i n g  t h e  amount o f  i n c l u s i o n s  c a u s e d  
by  b e n z o t r i a z o l e .
The Growth  o f  C u p ro u s  B e n z o t r i a z o i a t e  F i l m s  on C o p p e r .
Some p r e l i m i n a r y  w ork  h a d  i n d i c a t e d  t h a t  s o l i d  f i l m s ,  
p r o b a b l y  c o n s i s t i n g  o f  c u p r o u s  b e n z o t r i a z o i a t e ,  c o u l d  fo rm  u n d e r  
c e r t a i n  c o n d i t i o n s  ( e . g ,  i n  s i m p l e  im m e r s i o n  o f  c o p p e r )  on  a 
c o p p e r  s u r f a c e .  I t  was l i k e l y  t h a t  s u c h  f i l m  f o r m a t i o n  m i g h t  
h a v e  b e e n  s i g n i f i c a n t  i n  v a r i o u s  i n s t a n c e s  s u c h  a s  b a n d e d  
s t r u c t u r e  f o r m a t i o n ,  l e v e l l i n g ,  c o r r o s i o n  i n h i b i t i o n  an d  t h e
p e r i o d i c i t y  o f  q u n d e r  c o n s t a n t  c e l l  v o l t a g e  c o n d i t i o n s ,  a
A c c o r d i n g l y ,  i t  was f e l t  t h a t  some s e p a r a t e  s t u d i e s  
o f  f i l m  f o r m a t i o n  Of c u p r o u s  b e n z o t r i a z o i a t e  m i g h t  a s s i s t  any  
r e l e v a n t  d i s c u s s i o n s ,
a ) .  O r i g i n  o f  F i l m s ,
I n  t h e  p r e s e n c e  o f  a q u e o u s  b e n z o t r i a z o l e ,  an y  s o u r c e  
o f  c u p r o u s  i o n s  may p r o v i d e  a  means f o r  t h e  p r e c i p i t a t i o n  o f  
c u p r o u s  b e n z o t r i a z o i a t e .  T h u s ,  b o t h  t h e  c a t h o d i c  an d  a n o d i c  
p r o c e s s e s  f o r  t h e  CulCuSO^ s y s t e m  p o s s e s s  a n  i n t e r m e d i a t e  
c u p r o u s  s t a g e .  T h e r e f o r e ,  c u p r o u s  b e n z o t r i a z o i a t e  may fo rm  on 
c a t h o d i c  a n d  a n o d i c  a r e a s  o f  c o p p e r  u n d e r  s u i t a b l e  c o n d i t i o n s ,
b ) .  D i s c o n t i n u o u s  C a t h o d e  F i l m s .
The p r e s e n c e  o f  d i s c o n t i n u o u s  f i l m s  h a s  b e e n  i n d i c ­
a t e d  i n  p o l a r i s a t i o n  a n a l y s i s  w h e r e ,  i t  was b e l i e v e d ,  t h a t  t h e  
t r u e  c a t h o d e  a r e a  ( i . e .  u n f i l m e d )  was a n  i n v e r s e  f u n c t i o n  o f  
t h e  am ount o f  b e n z o t r i a z o l e  p r e s e n t  i n  t h e  p l a t i n g  s o l u t i o n .  
T h i s  e f f e c t  may be l i k e n e d  t o  t h e  a d s o r p t i o n  b e h a v i o u r  p r e ­
v i o u s l y  d e s c r i b e d  f o r  g e l a t i n 2 7 .
( F u r t h e r  w ork  w ou ld  be  n e c e s s a r y  t o  e s t a b l i s h  i f  
t h e  p r e s e n c e  o f  s u c h  a  f i l m  a f f e c t s  t h e  c a t h o d i c  k i n e t i c  f a c ­
t o r s  s u c h  a s  t h e  r a t e  d e t e r m i n i n g  s t e p ) .
c ) .  F i l m s  fo rm e d  by  S i m p l e  I m m e r s i o n .
V a r i o u s  t e s t s  w ere  em p loyed  t o  i l l u s t r a t e  t h e  e x ­
i s t e n c e  o f  f i l m s  on c o p p e r .
A. P o l a r i s a t i o n  t e s t  -  A p i e c e  o f  e t c h e d  A .P .  c o p p e r  
f o i l  m e a s u r i n g  2 ,Tx 2 ” was im m ers ed  i n  a  s o l u t i o n  w h ich  was 0.5M 
C uS ( \+ 0 .5M  Hg S0h +0.0001M B e n z o t r i a z o l e .  A f t e r  5 m i n u t e s  t h e  
f o i l  was w i t h d r a w n ,  r i n s e d  s e v e r a l  t i m e s  w i t h  d i s t i l l e d  w a t e r ,  
a n d  t h e n  p l a c e d  i n  t h e  e l e c t r o l y s i s  c e l l  f i t t e d  up a s  f o r  u s e  
i n  t h e  S . S . D ,  m e th o d .  E l e c t r i c a l  c o n n e c t i o n s  w ere  made a n d  t h e  
c e l l  was f i l l e d  w i t h  0.5M CuSO^+O.^M H> S( \  s o l u t i o n  p u r i f i e d
w i t h  a c t i v e  c a r b o n  an d  h y d r o g e n  p e r o x i d e ,  A c u r r e n t  o f  0 . 1  A/dm2 
was p a s s e d  an d  t h e  v a r i a t i o n  o f  q + w i t h  t i m e  was r e c o r d e d ,  Some 
t y p i c a l  r e s u l t s  a r e  shown i n  F i g . 75 w here  i t  may be  s e e n  t h a t  
q u i c k l y  r e a c h e d  a  maximum v a l u e  b u t  t h e n  s l o w l y  f e l l  t o  a  
v a l u e  a p p r o p r i a t e  t o  a n  u n f i l m e d  c a t h o d e .
The c u p r o u s  i o n s  f o r  t h i s  f i l m  f o r m a t i o n  p r o b a b l y  
o r i g i n a t e d  f rom  t h e  c o p p e r  d i s s o l u t i o n  r e a c t i o n s  shown on 
p .  30 .
B. H y d ro g e n  s u l p h i d e  t e s t  -  A p i e c e  o f  s p e c t r o -  
g r a p h i c a l l y  s t a n d a r d i s e d  p o l y c r y s t a l l i n e  c o p p e r ,  m e a s u r i n g  3 nx 
2 ,,x0 . 25M, was p o l i s h e d  an d  l i g h t l y  e t c h e d  t o  r e v e a l  i t s  l a r g e  
g r a i n  s i z e .  The s p e c i m e n  was t h e n  p a r t l y  im m ersed  f o r  10 s e c o n d s  
i n  a  s o l u t i o n  w h ic h  was 0.5M CuSOi,+0.5M Hg S ( \+ 0 .0 0 0 1 M  B en zo ­
t r i a z o l e .  I t  was t h e n  r e m o v e d ,  c a r e f u l l y  r i n s e d ,  d r i e d  and  
p l a c e d  i n  a  b e l l - j a r  c o n t a i n i n g  h y d r q g e n  s u l p h i d e .  The u n f i l m e d  
c o p p e r  s u r f a c e  r a p i d l y  t a r n i s h e d ,  b u t  t h e  l o w e r  f i l m e d  s u r f a c e  
was l e f t  u n a t t a c k e d  e v e n  a f t e r  one h o u r s  e x p o s u r e .  The e f f e c t  
i s  c l e a r l y  shown i n  F i g .76 .
S i m i l a r  e x p e r i m e n t s  w ere  r e p e a t e d  u s i n g  d i f f e r e n t  
f a c e s  o f  s i n g l e  c o p p e r  c r y s t a l s  an d  t h e s e  i n d i c a t e d  t h a t  f i l m  
f o r m a t i o n  was c o n t i n u o u s  an d  i s o t r o p i c ,  d e s p i t e  t h e  f a c t  t h a t  
t h e  o r i e n t a t i o n  o f  a  f a c e  c a n  d e t e r m i n e  i t s  r a t e  o f  d i s s o l u t i o n 161 
a n d , t h e r e f o r e , t h e  r a t e  o f  f o r m a t i o n  o f  i n t e r m e d i a t e  c u p r o u s  
i o n s .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f i l m  f o r m a t i o n  due t o  
c o n t a c t  o f  c o p p e r  w i t h  g e l a t i n  h a s  b e e n  o b s e r v e d  an d  d i s c u s s e d  
w i t h  r e g a r d  t o  c e r t a i n  a d h e s i o n  p r o p e r t i e s 2 8 0 .
£ .  E .M .F .  C e l l  s t u d i e s  -  The c e l l  shown i n  F i g . 22  
was e m p lo y ed  t o  s t u d y ,  i n  p a r t i c u l a r ,  t h e  e f f e c t  o f  pH on t h e  
s t e a d y  s t a t e  p o t e n t i a l  o f  c o p p e r  im m ersed  i n  a  s o l u t i o n  c o n t a i n ­
i n g  b e n z o t r i a z o l e .  The c e l l  t a p s  w ere  c l o s e d  a n d  p u r i f i e d  0.5M 
CuS(\  s o l u t i o n ,  a c i d i f i e d  w i t h  s u l p h u r i c  a c i d ,  was a d d e d  t o  b o t h  
l i m b s .  T h e 'w h o l e  a s s e m b l y  was c o n t a i n e d  i n  a n  a i r - t h e r m o s t a t
1 9 0
Fig. 7 5 .  Effect on cathode polarisation produced by pr®-soaking 
the electrode in a solution of Benzotriazole.
Experimental Conditions
Solution, 0.5M CuSOv -hO ,5M Hg S(\ , 
purified with active 
carbon and hydrogen per­
oxide .
Temperature, 25°C.
Current density, 0.1 A/dm2 
Agitation, none.
± t t m
-1,
i n  m i n u t e s .
i 9 i
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F I G U R E  7 6  .
A p p e a r a n c e  o f  a  c o p p e r  s u r f a c e  a f t e r  e x p o s u r e  t o  h y d r o g e n  
s u l p h i d e .
T h e  l o w e r  h a l f  w a s  i m m e r s e d ,  p r i o r  t o  e x p o s u r e ,  i n  a  s o l u t i o n  
c o n t a i n i n g  b e n z o t r i a z o l e .
M a g n i f i c a t i o n ,  x  2 .
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c u p b o a r d  a t  23 °C .  The s o l u t i o n  i n  one l i m b ( c a p a c i t y  25 ml)  was
1.6 3made 0 .001M i n  b e n z o t r i a z o l e  c o n t e n t .  : P r o p e r l y  p r e p a r e d  c o p p e r
e l e c t r o d e s  w ere  i n s e r t e d  a n d  c o n n e c t e d  t o  t h e  V i b r o n  e l e c t r o m e t e r  
s o  t h a t  t h e  s t e a d y  c e l l  p o t e n t i a l t / \ E T c o u l d  be m e a s u r e d .  At 
t h i s  s t a g e  t h e  e l e c t r o d e  i n  c o n t a c t  w i t h  b e n z o t r i a z o l e  was p o s ­
i t i v e  w i t h  r e s p e c t  t o  t h e  f i l m - f r e e  e l e c t r o d e .
50% v / v  s u l p h u r i c  a c i d  was t h e n  a d d e d  i n  s t e p s  an d  
i n  e q u a l  am o u n ts  t o  b o t h  l i m b s , w a s  m e a s u r e d  a f t e r  e a c h  s t e p  
a n d  t h e  f o l l o w i n g  t a b l e  shows some o f  t h e  r e s u l t s  o b t a i n e d  and  
a l s o  t h e  e f f e c t s  o f  a g i t a t i o n  : -
T a b l e  2 1 .  E l e c t r o d e  p o t e n t i a l  o f  C o p p e r  i n  p r e s e n c e  o f  B e n z o t r i a z o l e .
T o t a l  ml 50% a c i d " "  
a d d e d . ^ ,E  a g i t a t e d f\E  n o n - a g i t a t e d
0 , 0 0  -pH 1 , 5 0 0 . 5  mV 560 mV
O.O^f 0.2 28.0
0 . 1*f 0 . 3 22.0
0 , 2^ o A 16.0
r 0 . 7 ^ 0 . 3 1 3 . 3
1 . 2*f 0.2 1 0 . 5
1 . 7 ^ 0 . 3 9*3
2 . 7 ^ 0.2 8.5
3 . 7 ^ 0.1 3 . 3
k .2 k 0.1 1.0
5 . 3 ^  -pH 0 . 2 0 0,2 0.1
5.80 0.2 0.1
The r e s u l t s  a r e  i m p o r t a n t  s i n c e  t h e y  show t h a t ,  a t  
a  pH o f  a b o u t  0 . 2 ,  f i l m  f o r m a t i o n  d o e s  n o t  o c c u r .  T h i s  pH 
v a l u e  a g r e e d  w i t h  t h a t  p r e v i o u s l y ' o b t a i n e d  a s  b e i n g  t h e  l i m i t  
b e lo w  w h ic h  s o l i d  c u p r o u s  b e n z o t r i a z o i a t e  c o u l d  n o t  fo rm  ( p . l 62) 
The e f f e c t s  o f  a g i t a t i o n  showed t h a t  t h e  f i l m  was 
n o t  p a r t i c u l a r l y  a d h e r e n t  an d  c o u l d  be s h a k e n  o f f  t h e  c o p p e r
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by  v a r i o u s  fo rm s  o f  m e c h a n i d a l  d i s t u r b a n c e .
S i m i l a r  e l e c t r o d e  p o t e n t i a l  e x p e r i m e n t s  h a v e  b e e n  
p e r f o r m e d  t o  s t u d y  f i l m  f o r m a t i o n  i n  o t h e r  s y s t e m s 2 83 2 84^ 
an d  t h e  e l e c t r o d e  p o t e n t i a l  o f  a  f i l m e d  m e t a l  h a s  b e e n  o f t e n  
r e f e r r e d  t o  a s  a n  " i r r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l ” 2 8 2 .
d ) . R e l a t i o n s h i p  b e t w e e n  Band F o r m a t i o n  a n d  Film G ro w th .
The c o n s t i t u t i o n  o f  t h e ” d a r k M b a n d s  i n  e l e c t r o d e p o s i t s  
a s  shown i n  F i g s k 3 - ^ 7  ? h a s  a l r e a d y  b e e n  e s t a b l i s h e d .  The f o r ­
m a t i o n  o f  a  s i n g l e  b an d  o f  c u p r o u s  b e n z o t r i a z o i a t e  was demon­
s t r a t e d  by  c o n t i n u i n g  d e p o s i t i o n  o f  p u r e  c o p p e r  on t o p  a  f i l m  
p r o d u c e d  by s i m p l e  i m m e r s i o n .
The f o r m a t i o n  o f  a  c o p p e r  d e p o s i t  c o n t a i n i n g  a  s e r i e s  
o f  b a n d s ,  by  i n d u c i n g  f i l m  g r o w t h ,  was c a r r i e d  o u t  a s  f o l l o w s .
A p l a t i n g  s o l u t i o n  was u s e d  w h ic h  c o n t a i n e d  a  c o n c e n t r a t i o n  o f  
b e n z o t r i a z o l e  t h a t  was i n s u f f i c i e n t  t o  p r o d u c e  a  b a n d e d  d e p o s i t  
w i t h  s u s t a i n e d  d . c ,  T hen ,  t h e  e l e c t r o p l a t i n g  c u r r e n t  was s w i t c h e d  
o n , a n d  o f f ,  f o r  d e f i n i t e  p e r i o d s .
F i g s  7 7 * 7 8 ,  show how a  c h a r a c t e r i s t i c  b a n d e d  d e p o s i t  
was o b t a i n e d  i n  t h i s  way an d  w here  t h e  number  o f  " d a r k ” b a n d s  
c o r r e s p o n d e d  e x a c t l y  t o  t h e  number o f  " c u r r e n t  o f f ” p e r i o d s .
The u l t i m a t e  e f f e c t  o f  t h i s  i n d u c e d  b a n d i n g ,  u s i n g  
a n  e t c h e d  s u b s t r a t e ,  seem ed  t o  m a n i f e s t  i t s e l f  i n  t h e  e n h a n c e d  
s m o o t h n e s s  o f  t h e  f i n a l  d e p o s i t  s u r f a c e  -  a n  e f f e c t  w h ic h  h a s  
b e e n  i n d i c a t e d  i n  o t h e r  s y s t e m s 2 7 8 .
e ) .  Band F o r m a t i o n  a n d  P e r i o d i c i t y  o f  r\ ,a
S t u d i e s  w ere  c a r r i e d  o u t  t o  c h e c k  w h e t h e r ,  u n d e r  
c o n s t a n t  c e l l  v o l t a g e  c o n d i t i o n s ,  t\ w ou ld  v a r y  w i t h  t h e  a l t e r n -cl
a t e  f o r m a t i o n  o f  c o p p e r  a n d  c u p r o u s  b e n z o t r i a z o i a t e  b a n d s .
The f o l l o w i n g  p l a t i n g  c o n d i t i o n s  w ere  em p loyed  
w h ic h  w ere  known t o  g i v e  a r e p r o d u c i b l e  and  d e f i n i t e  b a n d e d  
s t r u c t u r e  w i t h  s u s t a i n e d  d . c .  , : -
F i g s .  7 7 ,  7 8 .  C o p p e r  e l e c t r o d e p o s i t s  s h o w i n g  b a n d i n g  t h a t
w a s  i n d u c e d  b y  s w i t c h i n g  o f f  t h e  p l a t i n g  c u r r e n t  
a t  i n t e r v a l s .
T h e  e l e c t r o l y t e  c o n t a i n e d  a  q u a n t i t y  o f  b e n z o ­
t r i a z o l e  t h a t  w a s  i n s u f f i c i e n t  t o  p r o d u c e  a  
b a n d e d  d e p o s i t  u n d e r  s u s t a i n e d  e l e c t r o l y s i s .
F i g .  7 7 .  C r o s s - s e c t i o n ,  
M a g n .  x  6 0 0 .
F i g .  7 8 .  D e p o s i t ,  f a c e - o n ,  M a g n .  x  2 5 .  
L e g e n d :
A ,  D e p o s i t  c o n s i s t i n g  
o f  f o u r  l a y e r s .
B ,  S u b s t r a t e .
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S o l u t i o n . -  0.5M CuSO^+0.3M H2 SO^+ 0 .001M B e n z o t r i ­
a z o l e ,
T e m p e r a t u r e .  -  2 8 °C
C a t h o d e . - a s  u s e d  i n  t h e  S . S . D .  m e th o d .
A n o d e . -  s e p a r a t e d  f rom  t h e  e l e c t r o l y s i s  c e l l  by
means o f  t h e  S - s h a p e d  s i d e  arm f i t t e d  w i t h  
a  p o r o u s  d i s c  ( t h i s  a v o i d e d  an y  c o m p l i c a t i n g  
an d  s p u r i o u s  a n o d i c  r e a c t i o n s )
A n o d e -C a th o d e  -  m a i n t a i n e d  c o n s t a n t  a t  10.700+_ 0 ,0 0 1 V  
V o l t a g e ,  ky  means o f  c u r r e n t  s u p p l i e d  f rom  a n  e l ­
e c t r o n i c a l l y  s t a b i l i s e d  power  u n i t  (Ad­
v a n c e  L t d .  Model  PP 3 ) •
C u r r e n t  d e n s i t y .  -  a p p r o x i m a t e l y  0 , 3  A/dm2 ,
A c h a r t  r e c o r d e r  was u s e d  t o  r e c o r d  t] f o r  t h e  w ho le  p l a t i n g  
p e r i o d  o f  one hour*,
The r e s u l t s  showed t h a t  t h e r e  was a  r e g u l a r  v a r i ­
a t i o n  o f  ri b e t w e e n  280  mV (= n ) an d  283 mV ( ti 9 ) .  an d  t h ea  a 1 a
c h a r t  r e c o r d i n g s  showed  a l s o  t h a t  t h e  number o f  c y c l e s  o f  r\a
e q u a l l e d  t h e  number o f  c u p r o u s  b e n z o t r i a z o i a t e  b a n d s .
L e t  i t  b e  a s s u m e d  t h a t
r\ 1 r e p r e s e n t s  a  c o n d i t i o n  w here  t h e  c a t h o d e  wascl
c o v e r e d  w i t h  a  c o n t i n u o u s  f i l m  o f  h i g h  ohmic 
r e s i s t a n c e ,  a n d  maximum t h i c k n e s s ,  
t|^ 2 r e p r e s e n t s  t h e  c o n d i t i o n  w he re  t h e  c a t h o d e  
s u r f a c e  was w h o l l y  p u r e  copper , ;
Then  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  one o f  t h e  c u p r o u s  b e n z o ­
t r i a z o i a t e  b a n d s  c a n  be  c a l c u l a t e d  a s  b e i n g  a p p r o x i m a t e l y  
k ohms f o r  a n  a r e a  o f  10 cm2 ,
The p r e s e n c e  o f  s u c h  h i g h  ohmic r e s i s t a n c e  f i l m s  
h a s  b e e n  i n v o k e d  t o  e x p l a i n  t h e  m e chan ism  o f  p r o t e c t i v e  a c t i o n  
o f  c e r t a i n  c o r r o s i o n  i n h i b i t o r s 3 0 9 .
The e x p e r i m e n t s  w ere  r e p e a t e d  u s i n g  g a l v a n o s t a t i c
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c o n d i t i o n s ,  b u t  no p e r i o d i c i t y  o f  t\ o r  o f  c e l l  v o l t a g e ,  wasa
o b s e r v e d .
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Effect of Plating Variables on Inclusion Content,
A g e n e r a l  s t u d y  was c a r r i e d  o u t  t o  f i n d  how t h e  d e ­
p o s i t s ,  an d  t h e  am ount o f  c u p r o u s  b e n z o t r i a z o i a t e  i n c l u d e d ,  
w e re  a f f e c t e d  by a  c h a n g e  i n  one p l a t i n g  v a r i a b l e .  The v a r i a b l e s  
i n c l u d e d  c o p p e r  s u l p h a t e  c o n t e n t ,  pH, t e m p e r a t u r e ,  b e n z o t r i a z o l e  
c o n t e n t ,  a g i t a t i o n ,  a n d  c u r r e n t  d e n s i t y .
The q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  i n c l u s i o n  c o n t e n t  
was c o n v e n i e n t l y  e f f e c t e d  u s i n g  t h e  m e thod  o f  p o l a r i s a t i o n  
a n a l y s i s  w h ic h  h a d  now b e e n  s a t i s f a c t o r i l y  e s t a b l i s h e d .
A l l  o f  t h e  f o l l o w i n g  e x p e r i m e n t s  w ere  c a r r i e d  o u t  i n
d u p l i c a t e ,
a ) .  E x p e r i m e n t a l  T e c h n i q u e s .
A. P l a t i n g  s o l u t i o n  -  s u p e r - p u r e  s o l u t i o n s  w ere  em­
p l o y e d  u s i n g  c o p p e r  o x i d e  a n d  s u l p h u r i c  a c i d  a s  t h e  s t a r t i n g  
m a t e r i a l s *  B e n z o t r i a z o l e  was a d d e d ,  a s  r e q u i r e d *  f ro m  a  s t o c k  
1% w /v  s o l u t i o n  a n d  t h e  b e n z o t r i a z o l e  was b e s t  p u r i f i e d  by  d i s ­
t i l l a t i o n  ( a l t h o u g h  on a  l a r g e  s c a l e  d i s t i l l a t i o n  c a n  p r o c e e d  
w i t h  e x p l o s i v e  v i o l e n c e 201* ) .
Each  p l a t i n g  c e l l  c o n s i s t e d  o f  a  kOO ml b e a k e r  an d  
c o n t a i n e d  230 ml o f  p l a t i n g  s o l u t i o n  i n t o  w h ic h  was p l a c e d  a  
p o r o u s  p o t  c o n t a i n i n g  30 ml o f  t h e  a n o l y t e .
T e m p e r a t u r e  c o n t r o l  o f  t h e  p l a t i n g  s o l u t i o n  was 
m a i n t a i n e d  t c  _+ 0 . 2 5  0 o f  t h e  s e t  t e m p e r a t u r e  by  c o n t a i n i n g  
t h e  p l a t i n g  c e l l  i n  a  w a t e r  b a t h  -  a s  shew n i n  F i g .  7 9 .
B. E l e c t r o d e s  -  b o t h  an o d e  an d  c a t h o d e  f o r  e a c h  
p l a t i n g  c e l l  w ere  c u t  f ro m  A .R ,  c o p p e r  f o i l .  Each  c a t h o d e ,  
p r i o r  t o  u s e ,  was e t c h e d  t o  r e v e a l  i t s  g r a i n  s t r u c t u r e ,  r i n s e d ,  
d r i e d ,  a c c u r a t e l y  w e i g h e d  an d  c a r e f u l l y  s t o r e d .  F o r  p l a t i n g ,  
e a c h  c a t h o d e  was s l i d  i n t o  a  PTFE j i g  s o  t h a t  one s i d e ,  m e a s ­
u r i n g  7x 1 cm, was p r e s e n t e d  t o  t h e  p l a t i n g  s o l u t i o n .
FIGURE 79
C e l l  A s s e m b ly ,  s h o w i n g  e i g h t  c e l l s ,  f o r  t h e  p r e p a r a t i o n  o f  
c o p p e r  e l e c t r o d . e p o s . i t s  f rom  s o l u t i o n s  c o n t a i n i n g  a d d i t i o n  
a g e n t s .
l e g e n d
1 ,  W a t e r - b a t h  t h e r m o s t a t  c o n t r o l  u n i t .
2 , C a t h o d e  e l e c t r i c a l  c o n n e c t i o n s .
3 ,  A i r  pump,
k .  A i r  s u p p l y  f o r  a n o l y t e  a g i t a t i o n .
3 ,  P o r o u s  p o t  c o n t a i n i n g  a n  a n o d e .
6 , C a t h o d e ,  w i t h  t a g ,  m ou n ted  i n  i t s  P . T . F . E ,  j i g ,
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Each an o d e  m e a s u r e d  a p p r o x i m a t e l y  10x1  cm a n d ,  a f t e r  
e t c h i n g ,  was p l a c e d  i n t o  i t s  a n o l y t e  c o m p a r t m e n t .
When e l e c t r o p l a t i n g  was c o m p l e t e d  e a c h  c a t h o d e  was 
r i n s e d ,  r em oved  f ro m  i t s  j i g ,  d r i e d ,  w e ig h e d  an d  p h o t o g r a p h e d .  
R e p r e s e n t a t i v e  p o r t i o n s  w ere  c u t  f o r  m e t a l l o g r a p h i c  e x a m in ­
a t i o n  a n d  f o r  p o l a r i s a t i o n  a n a l y s i s  o f  i n c l u s i o n  c o n t e n t ,
C_. P o r o u s  p o t s  -  d e s p i t e  t h e  h i g h  r e s i s t a n c e  o f  
b e n z o t r i a z o l e  t o  o x i d a t i o n  i t  was shown e a r l i e r  t h a t  i t  was 
n e c e s s a r y ,  f o r  q u a n t i t a t i v e  w o rk ,  t o  i s o l a t e  t h e  c o p p e r  an o d e  
f ro m  b e n z o t r i a z o l e .
F o r  p r o t r a c t e d  e l e c t r o l y s e s  s u i t a b l e  g r a d e s  an d  s h a p e s  
o f  c h e m i c a l l y  r e s i s t a n t  p o r o u s  a l u m i n a205 an d  p o r o u s  g l a s s  
w ere  n o t  f r e e l y  a v a i l a b l e  i n  t h i s  c o u n t r y .  Corundum p o r o u s  
p o t s 206 w ere  f o u n d  t o  be u n s u i t a b l e  owing t o  a n  a p p r e c i a b l e  
c o n t e n t  o f  a d v e r s e  a c i d - s o l u b l e  i m p u r i t i e s .  H ow ever ,  a  g r a d e  o f  
p o r o u s  e a r t h e n w a r e  was f o u n d207 w h i c h ,  a f t e r  c a r e f u l  p r e - t r e a t ­
ment , g ave  v e r y  s a t i s f a c t o r y  r e s u l t s .  V ery  l i t t l e  i n f o r m a t i o n  
h a s  b e e n  p u b l i s h e d * t h o u g h ,  on t h e  u s e  o f  e a r t h e n w a r e  i n  e l e c t r o ­
c h e m i c a l  work2 0 8 2 0 9 210 .
The p o t s  em p loyed  w ere  c y l i n d r i c a l *  15 cm h i g h ,  
w i t h  a  w a l l  t h i c k n e s s  o f  3mm, a n d  a  c a p a c i t y  o f  60  m l .  The
a p p a r e n t  p o r o s i t y  was 50% a n d  t h e  p o r e  s i z e  was e s t i m a t e d  t o
be a b o u t  1 m i c r o n .  P r e - t r e a t m e n t  o f  t h e  p o t s  was c a r r i e d  o u t  
a s  f o l l o w s  :~
i .  B o i l e d  f o r  k  h o u r s  i n  3% v / v  s u l p h u r i c  a c i d ,  
u s i n g  250 ml o f  s o l u t i o n  f o r  e a c h  p o t  -  r e p e a t e d  3 f u r t h e r  t i m e s ,
i i .  B o i l e d  f o r  h o u r s  i n  f r e s h l y  d i s t i l l e d  w a t e r ,
u s i n g  500 ml o f  w a t e r  f o r  e a c h  p o t  -  r e p e a t e d  k f u r t h e r  t i m e s ,
i i i .  L e f t  t o  s o a k  i n  t h e  a p p r o p r i a t e  p l a t i n g  s o l u t i o n  
f o r  a t  l e a s t  2k  h o u r s  p r i o r  t o  u s e .
I n  t h i s  way a l l  s p u r i o u s  m a t t e r  was d i s s o l v e d  o u t  o f  t h e  e a r t h ­
enw are  -  a s  c o n f i r m e d  by  t e s t s  , a p p l i e d  t o  t h e  f i n a l  w a s h i n g s , ■ 
f o r  i n  p a r t i c u l a r  s i l i c a t e s 211 ,
2 0 1
The p o t s  w ere  f o u n d  t o  h i n d e r  t h e  p a s s a g e  o f  c o p p e r  
i o n s  f rom  t h e  a n o l y t e  t o  t h e  c a t h o l y t e .  A c c o r d i n g l y ,  t h e  t i m e  
o f  p l a t i n g  was r e s t r i c t e d  s o  t h a t  c a t h o l y t e  c o p p e r  i o n  c o n c e n ­
t r a t i o n  d i d  n o t  f a l l  by  more t h a n  5%* F u r t h e r m o r e , t h e  a n o l y t e  
was a g i t a t e d  t o  p r e v e n t  s t r a t i f i c a t i o n  w h i c h .  i f  p r e s e n t ,  a d ­
v e r s e l y  a f f e c t e d  t h e  c a t h o d e  c u r r e n t  d i s t r i b u t i o n .
I n  o r d e r  . t o  m i n i m i s e  t h e  i n g r e s s  o f  b e n z o t r i a z o l e  
i n t o  t h e  a n o l y t e  a  s m a l l  h y d r o s t a t i c  h e a d  was m a i n t a i n e d . i n  t h e  
a n o d e  c o m p a r t m e n t .
Each  p o t  was u s e d  f o r  t h e  p r o d u c t i o n  o f  one s p e c i m e n  
d e p o s i t  o n l y  a n d  t h e n  i t  was d i s c a r d e d .
b ) .  S e r i e s  A -  E f f e c t  o f  B e n z o t r i a z o l e  C o n t e n t .
A. P l a t i n g  c o n d i t i o n s  w ere  : -
S o l u t i o n  -  0,5M CuS04+0.5M H2 S ( \
T e m p e r a t u r e  -  25 °C 
A g i t a t i o n  -  None 
C u r r e n t  d e n s i t y  -  2 , 0  A/dm2
B, R e s u l t s
The a p p e a r a n c e  o f  each d e p o s i t  i s  shown i n  F ig *  80 .
S p e c i m e n
_
B e n z o t r i a z o l e
g/1
XI n c l u s i o n
P a t i o
D e s c r i p t i o n  b f  I 
d e p o s i t  X - s e c t i o n  |
1 0 . 2 4
__ _______  „ _
0 .0 0 2 9 2 3
1
Wide b a n d s . '  1
2 0.192 0 , 0 0 3 1 4 4 U n i fo rm  b a n d s , i 
f i n e l y  c r y s t a l l i n e  „j
3 0 . 1 4 4 0 . 0 0 2 6 3 9 Wide b a n d s . j
4 0,120 > 0.002286 »* i
5 0 , 0 8 4 0 . 0 0 2 4 1 8 ii {
6 0 . 0 4 8 0 , 0 0 2 0 5 4 C o lu m n ar^ n o  b a n d s .
7 0 . 0 2 4 0.001872 F i n e l y  c r y s t a l l i n e , !  
no b a n d s .  !
8 0.008 0 . 0 0 0 1 5 1 No b a n d i n g .  1
9 0 , 0 0 2 4 0 . 0 0 0 1 3 9 15 |
10 0,0012 0,000102 »r 1
11 0 . 0 0 0 2 4 0,000038 n 1
12 0.00008 0.000008 1? 1
I x = g B e n z o t r i a z o l e / g C o p p e r  m e t a l  f o r t h e  d e p o s i t .  |
2 0 2
F I G U R E  8 0
A p p e a r a n c e  o f  C a t h o d e  D e p o s i t s .
S e r i e s  A ,  E f f e c t  o f  B e n z o t r i a z o l e  c o n t e n t  i n  t h e  p l a t i n g  
s o l u t i o n  -  C o n t e n t  d e c r e a s i n g  f r o m  A 1 t o  A 12 <.
2 0 3
C_, D i s c u s s i o n  -  As w ou ld  be e x p e c t e d ,  a n  i n c r e a s e  
i n  b e n z o t r i a z o l e  c o n t e n t  p r o d u c e d  a  c o r r e s p o n d i n g  i n c r e a s e  i n  
t h e  i n c l u s i o n  c o n t e n t .  H owever ,  due t o  v e r y  w ide  b a n d i n g ,  
a n  e f f e c t  w h ich  h a s  a l r e a d y  b e e n  shown i n  F i g .  b3.. » t h e
i n c l u s i o n  r a t i o  v a r i e d  w i t h  t h i c k n e s s  o f  t h e  d e p o s i t .  T h i s  
e f f e c t  c a n  be  e x p l a i n e d  w i t h  t h e  a i d  o f  t h e  f o l l o w i n g  d i a ­
gram : -
C u p ro u s  b e n z o  
t r i a z o l a t e .
P u r e  C o p p e r .
E l e c t r p d e p o s i t
SUBSTRATE
C r o s s - s e c t i o n  o f  a n  E l e c t r o d e p o s i t  e x h i b i t i n g  
w ide  b a n d i n g .
From t h i s  d i a g r a m  i t  i s  a p p a r e n t  t h a t , i f  d e p o s i t i o n  i s  t e r m i n  
a t e d  a t  a ,  b ,  o r  c , t h e n  c o r r e s p o n d i n g l y  d i f f e r e n t  i n c l u s i o n  
r a t i o s  w ou ld  be  o b t a i n e d  upo n  a n a l y s i s .  F u r t h e r m o r e ,  i t  was 
f r e q u e n t l y  o b s e r v e d  t h a t , f o r  an y  g i v e n  d e p o s i t  s h o w i n g  w ide  
b a n d i n g ,  t h e  d a r k  b a n d s  w ere  s e l d o m  o f  e q u a l  t h i c k n e s s .
I t  i s  b e l i e v e d  t h a t  t h i s  e f f e c t  o f  v a r i a t i o n  i n  
i n c l u s i o n  r a t i o  . w i th  d e p o s i t  t h i c k n e s s  h a s  b e e n  r e s p o n s i b l e  
f o r  t h e  p o o r  r e p r o d u c i b i l i t y  a n d  u n e x p e c t e d  r e s u l t s  f o r  t h e  
a n a l y s i s  o f  d e p o s i t s  u s i n g  o t h e r  p l a t i n g  s y s t e m s 57 1CH 105 265
A c c o r d i n g l y ,  s t e p s  w ere  t a k e n  i n  s u b s e q u e n t  s e r i e s  ( e x c  
B-, a n d  s e r i e s  J ) ,  t o  s e l e c t  p l a t i n g  c o n d i t i o n s  t h a t  a v o i d e d  t h i s  
w ide  b a n d i n g  e f f e c t .
c ) .  S e r i e s  B -  E f f e c t  o f  P l a t i n g  T e m p e r a t u r e .
A. P l a t i n g  c o n d i t i o n s  w ere  : -
S o l u t i o n  -  0.5M CuS ( \ + 0.5M Hg SC\ - i tO . l lg /1  B e n z o t r i a z o l e .  
T e m p e r a t u r e  -  As d e t a i l e d  b e l o w .
A g i t a t i o n  -  None.
C u r r e n t  d e n s i t y  -  2 . 0  A/dm2 .
P l a t i n g  t i m e  -  30 m i n u t e s .
A l l  t h e  c e l l s  w ere  c o n n e c t e d  i n  s e r i e s .
B. R e s u l t s
The a p p e a r a n c e  o f  e a c h  d e p o s i t  i s  shown i n  F i g . 8 l .
T a b l e  2 3 .  S e r i e s  B
S p e c im e n
No.
Temp.
°C
C a t h o d e  w t .  
i n c r e a s e .
'
I n c l u s i o n
r a t i o .
1
A p p e a r a n c e  o f  
d e p o s i t s .
1 25 0 . 0830g 0.002561 V e ry  b r i g h t
2 35 0 . 0 8 3 7 0 . 0 0 2 1 1 6 B r i g h t
3 45 0 . 0 8 3 5 O.OOI389 B r i g h t
if 55 0.0821 0 . 0 0 2 2 5 3 P a r t l y  b r i g h t
5 65 0 . 0 8 1 7 0 . 0 0 3 6 0 4 D u l l
6 75 0.0810 0 . 0 0 5 0 0 7 C o v e r e d  w i t h  a  
k h a k i - c o l o u r e d  
f i l m .
£L. D i s c u s s i o n  -  I t  h a s  b e e n  shown e l s e w h e r e 241 t h a t ,  
a s  t h e  t e m p e r a t u r e  i s  r a i s e d ,  a  p o i n t  may be  r e a c h e d  w here  no 
c o p p e r  m e t a l  i s  d e p o s i t e d  a n d  f o r  t h e  c u r r e n t  t o  be  a s s o c i a t e d
* * * t  
■
2
F I G U R E  8 l
A p p e a r a n c e  o f  C a t h o d e  D e p o s i t s .
S e r i e s  B ,  E f f e c t  o f  p l a t i n g  s o l u t i o n  T e m p e r a t u r e  ~  i n c r e a s i n g
f r o m  B 1 t o
2 0 6
I
c h i e f l y  w i t h  t h e  r e a c t i o n  ; -  Cu2 ---- — Cu . H e n c e ,  i t
m i g h t  be  e x p e c t e d  t h a t  a  r i s e  i n  t e m p e r a t u r e  w ou ld  f a v o u r  t h e  
c o - d e p o s i t i o n  o f  c u p r o u s  b e n z o t r i a z o l a t e . However ,  t h e r e  seems 
t o  be  no s i m p l e  e x p l a n a t i o n  f o r  t h e  minimum v a l u e  o f  i n c l u s i o n  
r a t i o  n o t e d  f o r  a b o u t  k^°C .
I t  was a l s o  a p p a r e n t  t h a t  t h e  i n c l u s i o n  c o n t e n t  was 
n o t  s i m p l y  r e l a t e d  t o ,  f o r  e x a m p l e ,  t h e  r e f l e c t i v i t y  o f  t h e  
d e p o s i t .
d ) .  S e r i e s  C -  E f f e c t  o f  C u r r e n t  D e n s i t y .
A.. P l a t i n g  c o n d i t i o n s  were
S o l u t i o n  -  0.3M CuS04 + 0.3M H2 SC\ + 0 . 1 2 g / l  B e n z o t r i ­
a z o l e .
T e m p e r a t u r e -  30°C 
A g i t a t i o n  -  None
B. R e s u l t s  i -
The a p p e a r a n c e  o f  each d e p o s i t  i s  shown i n  F i g .  82  •
T a b l e  2.b, S e r i e s  C.
! S p e c im e n  No. P l a t i n g  C u r r e n t  
D e n s i t y .
P l a t i n g  
T im e .
I n c l u s i o n  R a t i o ^
' 1 6 A/dm2 10 m in , 0.000819 !
1 2 12 0 . 0 0 1 3 2 3  |
| 5 b 13 0.002612 ' !
I b 3 20 0 . 0 0 2 7 3 3  \
| 5 2 30 0.002711 !
! 6 1 60 0o002832 j
i ? 0 . 3 120 0.002873 ‘
! 8 0 . 2 3 2'fO i 0 . 00306^  |
Table_ _2.A_,__ c ontinue d_.
S p e c im e n  No. D e s c r i p t i o n  o f  D e p o s i t s .  }
1
1 B r i t t l e ,  s e m i - b r i g h t ,  1
I
2
1
, b r i g h t .  1
1
3
!
, s e m i - b r i g h t .  |
k
1
n ft j1 • 11
5 S e m i - b r i g h t ,  p a t c h y  a p p e a r a n c e ,  |
6
I
M , u n i f o r m  a p p e a r a n c e .  J
? M at t*  u n i f o r m  a p p e a r a n c e .  {
8
!
D i s c o n t i n u o u s ,  d a r k  p a t c h e s *  [
F i g ,  83 shows t h e  e x t r a p o l a t e d  p o i n t ,  X, w here  t h e  i n c l u s i o n  
c o n t e n t  s h o u l d  be  z e r o .  S u b s e q u e n t  e x p e r i m e n t s  showed t h a t ,  a t  
a  c u r r e n t  d e n s i t y  o f  a p p r o x i m a t e l y  7 A/dm2 , t h e  i n c l u s i o n  r a t i o  
was z e r o .
£ .  D i s c u s s i o n  -  The f a l l  i n  i n c l u s i o n  c o n t e n t  a t  
h i g h  c u r r e n t  d e n s i t y  may hav e  b e e n  due t o  s e v e r a l  f a c t o r s
i .  At t h e  c r i t i c a l  c u r r e n t  d e n s i t y ,  X, t h e  l i f e  o f  
t h e  t r a n s i e n t  c u p r o u s  i o n  i n  t h e  d e p o s i t i o n  r e a c t i o n  -
o + +Cu —— Cu — Cu , may h a v e  b e e n  t o o  s h o r t  f o rc r y s  t ,
t h e  f o l l o w i n g  r e a c t i o n  t o  o c c u r  : -
Cu + B e n z o t r i a z o l e  ------ ->• C u p ro u s  B e n z o t r i a z o l a t e
I f  t h i s  w ere  s o ,  t h e n  i t  c a n  be c a l c u l a t e d ,  a s s u m i n g  a  100% 
c a t h o d e  e f f i c i e n c y  f o r  t h e  n o r m a l  d e p o s i t i o n  o f  c o p p e r ,  t h a t  
t h e  minimum t i m e  r e q u i r e d  f o r  t h e  f o r m a t i o n  o f  c u p r o u s  b e n z o -  
t r i a z o l a t e  was a p p r o x i m a t e l y  3*3 x  10~5s e c ,
i i .  F u r t h e r  f a c t o r s  w ou ld  p r o b a b l y  i n v o l v e  a  c o n s i d ­
e r a t i o n  o f  t h e  r e l a t i v e  r a t e s  o f  t r a n s p o r t  o f  c u p r i c  i o n s  a n d  
b e n z o t r i a z o l e  up  t o  t h e  c a t h o d e  s u r f a c e .
2 0 8
F I G U R E  8 2
A p p e a r a n c e  o f  C a t h o d e  D e p o s i t s .
S e r i e s  C ,  E f f e c t  o f  p l a t i n g  C u r r e n t  D e n s i t y  -  d e c r e a s i n g  
f r o m  C 1 t o  C 8 .
2 0 9
i t a l  conditions detailed under Series C Fige 83 .
]' i  -| "j”f + 'f—j— J—j-~|-J—j—
j -  +  — !— — i— j— 1— + - - - } - - - - - - - - - 1— t . . . . . . . . — i— i— i — i—  - -i— I - — !— ( — i— f— -i-
t t t r r .
—^ 0 . 0 0 2
;g. o f  Ben-  
t r i a z o l e / l g  
C o p p e r .
t+ ^
, -4 - 4
!' '+■ ■ "i'"i -I t 
f  f- f  ' '
- r  H *  - i  t
l - t - f - j -  +  - + - - I - ,
-t-t—t ~i—1— —! r -j -4--t—i 
h-H-'H''■--t-f i-t-T -t 
f -f—j-'t- 4 f-f -f -t *-j
- r- —j— -i-J--*-
— [ . - ) — j— t —r— )- - -f - -I— j - -
I —L..4 . - 1— - 1- .....t -i-—|— t— -j— -f- 4 -4 -
H f M r H - *  1 - 4 - i - i - [ - 1 - + - 1 - - j -  - j - i — r  - 4- 4-
i - 4 -  , * ~ 4  -4- - + - 1- 4  \
( 4 — f- '  • - ( t ( ( !
 j-4--|-i-*|-i" [--}--■<-4--t-- + --i- r
•]--t—j—}- 4--t- , - T j
hU-M-4-4-4-d--i-i
j - f -  -4- 4
r  I
3 ^ 5
C u r r e n t  D e n s i t y ,  i n  A/dm2 .
e ) .  S e r i e s  D -  E f f e c t  o f  C o p p e r  S u l p h a t e  C o n t e n t .
, A. P l a t i n g  c o n d i t i o n s  were  j -
S o l u t i o n  -  0.5M H2 SO,, + 0 , 1 2  g / 1  B e n z o t r i a z o l e .  
A g i t a t i o n  -  None 
C u r r e n t  d e n s i t y  -  2 , 0  A/dm2
P l a t i n g  t i m e  -  60 m i n u t e s .
T e m p e r a t u r e  -  30°C .
A l l  t h e  c e l l s  w ere  c o n n e c t e d  i n  s e r i e s ,
B, R e s u l t s  : - T h e  d e p o s i t  a p p e a r a n c e s  a r e  shown i n  F i g .
T a b l e s  2 5 .  S e r i e s ' D .
S p e c im e n  No. CuS04 ,5H2 0 C a t h o d e  w t .  
i n c r e a s e .
I n c l u s i o n  R a t i o .
1
“ ~ ~ ~ ~  1 
20g / l
— — 
0 . 15^6x 0 . 0 0 ^ 5
*
2 30 0 . 1 5 5 9 y 0.0050.
3 60 0 . 21^1 O.OO32
- k 125 0.2056 0 . 0 0 2 5
3 190 0.2170 0 . 0 0 1 7
6 250 0 . 206 f^ 0.0018
7 330 0.2080 0 , 0 0 1 7
x = Some d e p o s i t  l o s t  due t o  i t s  pow dery  n a t u r e ;  a l s o  some
h y d r o g e n e v o l u t i o n .
y = Some d e p o s i t  l o s t  due t o  i t s ^ p o w d e r y  n a t u r e .
S p e c i m e n  No. D e s c r i p t i o n  o f  D e p o s i t s .
1 P o w d e ry ,  d a r k  brown a p p e a r a n c e .
2 J! ft
3 B r i g h t ,  b a n d e d ,  f i n e  g r a i n ,  s t r e s s  c o n t r a c t i v e .
k »? ftj f?1 , no c h a n g e  i n  s h a p e  
o f  f o i l  c a t h o d e .
3 tt tt ttf , s t r e s s  e x p a n s i v e .
6 V ery  b r i g h t , r u c k l e d  an d n o n - a d h e r e n t ,
7 ft tt1 tt •
F I G U R E  8 * f
A p p e a r a n c e  o f  C a t h o d e  D e p o s i t s .
S e r i e s  D ,  E f f e c t  o f  C o p p e r  S u l p h a t e  c o n t e n t  i n  t h e  P l a t i n g  
s o l u t i o n  -  c o n t e n t  i n c r e a s i n g  f r o n  D 1  t o  D ? .
2 1 2
C. D i s c u s s i o n  -  The f a l l  i n  i n c l u s i o n  r a t i o  may hav e  
b e e n  r e l a t e d  t o  t h e  h i g h e r  m o b i l i t y  o f  t h e  c u p r i c  i o n s ,  com pared  
w i t h  t h a t  o f  b e n z o t r i a z o l e ,  w h ich  wou ld  t h e n  f a v o u r  t h e  n o r m a l
v e r s u s  i n c l u s i o n  r a t i o ,  i s  l i n e a r  w h ich  s u g g e s t s  t h a t  t h e
a r r i v a l  o f  c u p r i c  i o n s  f o r  d i s c h a r g e  a t  t h e  c a t h o d e  m i g h t  h a v e  b e e n
g o v e r n e d  by t h e  v a r i o u s  i n t e r i o n i c  a t t r a c t i o n  e f f e c t s .  The
p l o t  o f  D1 h a s  n o t  b e e n  shown on t h e  g r a p h  s i n c e  t h e r e  was
e v i d e n c e  t h a t  p a r t i a l  c a t h o d i c  r e d u c t i o n  o f  b e n z o t r i a z o l e
o c c u r r e d .
o n ,  f o r  e x a m p l e ,  t h e  s h a p e  a n d  a p p e a r a n c e  o f  Dj a n d  D5 .. S t r e s s  
o f  d e p o s i t s  p r o d u c e d  f rom  a c i d  c o p p e r  b a t h s  w i t h o u t  a d d i t i o n
t r a c t i v e  s t r e s s  d e p e n d i n g  on t h e  e x a c t  e x p e r i m e n t a l  c o n d i t i o n s .
f ) .  S e r i e s  E -  E f f e c t  o f  S u l p h u r i c  A c i d  C o n t e n t .
A. P l a t i n g  c o n d i t i o n s  w e r e : -
S o l u t i o n  -  0.5M CuS(\ + 0 . 1 2  g / 1  B e n z o t r i a z o l e .  
T e m p e r a t u r e  -  30 °C .
A g i t a t i o n  -  None 
C u r r e n t  d e n s i t y  -  2 . 0  A/dm2 .
P l a t i n g  t i m e  -  60 m i n u t e s .
d e p o s i t i o n  r e a c t i o n s .  F i g .  83 shows t h a t
I t  was i n f o r m a t i v e  t o  o b s e r v e  t h e  e f f e c t s  o f  s t r e s s
a g e n t s  h a s  u s u a l l y  b e e n  d e s c r i b e d  a s  b e i n g  e x p a n s i v e 301* 305 307 
b u t  i t  h a s  b e e n  r e p o r t e d 296 t h a t  i m p u r i t i e s  an d  a d d i t i o n s  s u c h  
a s  g e l a t i n  o f  h y d r o x y l a m i n e306 , c a n  p r o d u c e  e x p a n s i v e  o r  c o n -
A l l  t h e  c e l l s  were  c o n n e c t e d  i n  s e r i e s .
33, R e s u l t s
The a p p e a r a n c e  o f e a c h  d e p o s i t  ds  shown i n  F i g , 86 ,
2 1 3
( E x p e r i m e n t a l  c o n d i t i o n s  d e t a i l e d  u n d e r  S e r i e s  B )  F i g .  85•
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0,001 0,002 0 ,0 0 3 0,00*f 0 ,0 0 5
g ,  ©f B a n s b t r i a s o l e / l  g  o f  C o p p e r ,
0.006 2 1
F I G U R E  8 6
A p p e a r a n c e  o f  C a t h o d e  D e p o s i t s .
S e r i e s  E ,  E f f e c t  o f  S u l p h u r i c  A c i d  c o n t e n t  i n  t h e  p l a t i n g  
s o l u t i o n  -  d e c r e a s i n g  i n  t h e  s e q u e n c e  ,  E j  ,  E ^  ,  
,  Eq ? E,| ,
S E R I E S  E
2 1 5
Tables 26. Series E,
S p e c . No. m l . H2 S04 
p e r  l i t r e
pH C a th o d e  w t ,  
i n c r e a s e
I n c l u s i o n  R a t i o i
_ __ _ __1
2 240 - v e 0.1926
r  1
0.000000 !
3 160 - v e 0 . 1 9 2 7 0.000000 |
4 80 0.00 0 . 1 9 3 2 0 . 0 0 0 6 8 4  }
3 31 0 . 4 4 0.191** 0 . 0 0 2 4 1 0  !
6 17 0.80 0.1901 0.002670 !
7 2 . 7 1.52 0 . 1 9 4 2 0,002720 j
8 0 i 6 0 2.05 0.1912 0.001270 !
1 0 . 3 3 2.38 0 . 1 9 2 3 0.000860 !
"
S p e c .  No.
1. — — — — -J
A p p e a r a n c e  o f  D e p o s i t s .
2 S i m i l a r  t o  t h a t  o f  e t c h e d  s u b s t r a t e .
3 tt •
4 S e m i - b r i g h t ,  s m o o th .
3 B r i g h t ,  e x p a n s i v e  s t r e s s .
6 V e ry  b r i g h t ,  h i g h l y  s t r e s s e d ,  c o n v e x  f l u t e s .
7 D u l l ,  , " , "
8 C o a r s e  g r a i n ,  n o t  v e r y  c o h e r e n t ,
1 M , 11 , c o v e r e d
w i t h  a t o u r q u o i s e  f i l m
D i s c u s s i o n  -
i .  The i m p o r t a n c e  o f  pH on t h e  f o r m a t i o n  o f  c u p r o u s  
b e n z o t r i a z o l a t e  h a s  b e e n  n o t e d  on p . 162 , an d  i t  was e x p e c t e d
t h e r e f o r e ,  t h a t  no i n c l u s i o n  w ou ld  o c c u r  a t  a  pH b e lo w  a b o u t  
0 . 2 ,  I n  p r a c t i c e ,  t h o u g h ,  some i n c l u s i o n  o c c u r r e d  e v e n  a t  a  
b u l k  pH o f  z e r o  a n d ,  a s s u m i n g  c o r r e c t  f u n c t i o n i n g  o f  t h e  pH 
e l e c t r o d e s ,  t h i s  i n d i c a t e d  t h a t  t h e  r e g i o n  w h ere  com plex  
f o r m a t i o n  t o o k  p l a c e  p o s s e s s e d  a  h i g h e r  pH t h a n  t h a t  o f  t h e
b u l k  p l a t i n g  s o l u t i o n .
i i *  The f a l l  i n  i n c l u s i o n  r a t i o ,  a t  t h e  h i g h e r  pH 
v a l u e s  ( EL, an d  E8 ) m i g h t  h a v e  b e e n  due t o  t h e  e x i s t e n c e  o f  
a  h i g h e r  c o p p e r  i o n  a c t i v i t y  -  t h e  e f f e c t  o f  w h ich  h a s  b e e n  
i l l u s t r a t e d  i n  S e r i e s  D. F u r t h e r m o r e ,  some l o s s  o f  b e n z o t r i ­
a z o l e  seem ed  t o  h a v e  o c c u r r e d  i n  E, due t o  t h e  a p p a r e n t  f o r ­
m a t i o n  o f  c u p r i c  b e n z o t r i a z o l a t e .
g ) .  S e r i e s  F -  E f f e c t  o f  C a t h o d e  V i b r a t i o n  A m p l i t u d e .
A. P l a t i n g  c o n d i t i o n s  were
S o l u t i o n  -  0.5M CuSC\ +0.5M Hg S ( \  + 0 . 1 2  g / l  B e n z o t r i ­
a z o l e .
T e m p e r a t u r e  -  3 0 °C 
C u r r e n t  d e n s i t y  -  2 . 0  A/dm2 
P l a t i n g  t i m e  -  30  m i n u t e s
Each  c a t h o d e  was h e l d  v e r t i c a l l y  i n  a  s p e c i a l  PTFE 
j i g ,  an d  t h e  l a t t e r  was c l a m p e d  i n  t h e  ’’V i b r o m i x ” c h u c k .
B>, R e s u l t s  : -  
T a b l e  2 7 .  S e r i e s  F .
S p e c .  No. A m p l i tu d e  o f  V i b r a t i o n . I n c l u s i o n  R a t i o , ;
1
2
3
4
3
N o t e s .  A l l
0 . 0 0 0 ”
0 , 0 0 7
0 . 0 2 0
0.050
0.080
s p e c i m e n s ,  o t h e r  t h a n  F 1  ,
0 . 0 0 2 6 5 0  | 
0^002903 !
i
0,003194 | 
0 . 0 0 4 2 0 5  |
0,006294 !11
i
w ere  b r i g h t .  j
C_. D i s c u s s i o n  -  Any c o n s i d e r a t i o n s  c o n c e r n i n g  t h e  
c o n c e n t r a t i o n  o f  r e a c t a n t s  f o r  i n c l u s i o n  f o r m a t i o n  m us t  be  v e r y  
c o m p l i c a t e d  s i n c e  t h e i r  s u p p l y  may be  g o v e r n e d  by  f a c t o r s  i n ­
c l u d i n g  d i f f u s i o n ,  c o n v e c t i o n  a n d  m i g r a t i o n *.5 I t  may be  f o r ­
t u i t o u s  t h a t  a  l i n e a r  r e l a t i o n s h i p  f o r  -  a m p l i t u d e  v e r s u s  
l o g ( i n c l u s i o n  c o n t e n t ) *  was o b t a i n e d .
The r e l a t i v e  c a t h o d e  w e i g h t  i n c r e a s e s  s u g g e s t e d  t h a t ,  
w i t h  i n c r e a s e d  a m p l i t u d e ,  some o f  t h e  c u p r o u s  b e n z o t r i a z o l a t e  
was s h a k e n  o f f  t h e  c a t h o d e  b e f o r e  i t  was a b l e  t o  c o - d e p o s i t ,  
a l t h o u g h  no e v i d e n c e  o f  t h i s  was o b s e r v e d  f ro m  t h e  a p p e a r a n c e  
o f  t h e  p l a t i n g  s o l u t i o n .
h ) .  S e r i e s  G -  E f f e c t  o f  A m p l i t u d e  u s i n g  S o l u t i o n  V i b r a t i o n ,
A* P l a t i n g  c o n d i t i o n s  Used w ere  a s  d e s c r i b e d  i n  
S e r i e s  F .  The p l a t i n g  s o l u t i o n  was a g i t a t e d  by  means  o f  t h e  
p e r f o r a t e d  g l a s s  d i s c  u s e d ,  and  a l r e a d y  d e s c r i b e d ,  i n  t h e  
e l e c t r o l y s i s  c e l l .  The a g i t a t i n g  d i s c  was l o c a t e d  midway 
b e t w e e n  t h e  c a t h o d e  a n d  t h e  an b d e  d i a p h r a g m .
B. R e s u l t s  s-  
TajD^ Le 2 8 S e r i e s  GL_
1
i S p e c , No*
i
i
’ _ __j
V i b r a t i o n  
A m p l i t u d e .
____ __ ______
C a th o d e  w t .  
i n c r e a s e .
I n c l u s i o n  R a t i o .  j
i
! i .
i
i 2i
i 3 
I kx
j
J x  -  Only
j---------------------
0 .000*’
0.020
0.050
0.080
t h i s  spec im e
0 . 0 9 1 ^
0 . 0 8 7 7  
0.0868 
0 , o8k?
■
sn was f u l l y  b]
„ r
0.002700 | 
0.001072 | 
0.001906 i 
0 . 00^ +870 j
r i g h t .  t
C_. D i s c u s s i o n  -  When t h e  r e s u l t s  o f  S e r i e s  F an d  G 
w ere  com p ared  i t  was a p p a r e n t  t h a t ,  f o r  a  g i v e n  a m p l i t u d e ,
c a t h o d e  v i b r a t i o n  was more f a v o u r a b l e  t o w a r d s  i n c l u s i o n  c o n t e n t .  
I t  s eem s  t o  d i f f i c u l t  t o  e x p l a i n  why f e e b l e  s o l u t i o n  
a g i t a t i o n  p r o d u c e d  a  l o w e r  i n c l u s i o n  c o n t e n t  t h a n  t h a t  p r o d u c e d  
u n d e r  s t i l l  c o n d i t i o n s ,
i ) .  S e r i e s  H -  E f f e c t  o f  D e g re e  o f  A i r - a g i t a t i o n .  ~
A, P l a t i n g  c o n d i t i o n s  u s e d  w ere  a s  d e s c r i b e d  i n  
S e r i e s  F ,  A i r  f o r  a g i t a t i o n  w a s ,  a f t e r  w a s h i n g ,  d e l i v e r e d  
b e n e a t h  t h e  c a t h o d e  by  means o f  a  s i n t e r e d  g l a s s  d i s t r i b u t o r .
B, R e s u l t s
T a b l e  2 9 .  S e r i e s  H,
•S p e c ,  No, ml a i r / s e c , C a th o d e  w t .  
i n c r e a s e ,
11
I n c l u s i o n  R a t i o .  J.
1
1r
! 1 
! 2
| 3
j kx  
j x  -  S pec
0 . 0
1 . 6
5 , 3
23
.
im en  v e r y  b r i
0 . 0 9 7 0
0 , 0 9 5 3
0 . 0 8 1 7
0 . 0 7 5 8
g h t .
0.002600 i
1
0 . 0 0 7 0 6 3  |
0 , 0 0 7 6 1 ?  j
0 . 0077^0 !
I1
11
C. D i s c u s s i o n  -  The f a l l  i n  c a t h o d e  e f f i c i e n c y ,  
w i t h  i n c r e a s i n g  o x y g e n  c o n t e n t  o f  t h e  p l a t i n g  s o l u t i o n ,  h a s
-  1 0  3b e e n  i n d i c a t e d  e l s - e w h e re  a s  due t o  t h e  f o l l o w i n g  r e a c t i o n  : -  
2 Cu+ + 2 H+ + J-02  2 Cu2 + + H2 0
C o n s u m p t i o n  o f  c u p r o u s  i o n s  t h r o u g h  t h i s  r e a c t i o n  m i g h t  a l s o  
h a v e  a c c o u n t e d  f o r  t h e  a p p r o x i m a t e  l i m i t i n g  v a l u e  o f  i n c l u s i o n  
c o n t e n t  w i t h  i n c r e a s i n g  a i r  a g i t a t i o n .
j ) .  S e r i e s  J  -  E f f e c t  o f  P l a t i n g  Time.
I t  was p o i n t e d  o u t  u n d e r  S e r i e s  A t h a t  t h e  i n c l u s i o n  
r a t i o  c a n  v a r y  m a r k e d l y  w i t h  t h e  t h i c k n e s s  o f  t h e  d e p o s i t *  
A l t h o u g h  i n  S e r i e s  B -  H t h i s  e f f e c t  was a v o i d e d ,  S e r i e s  J  was 
s t u d i e d  w here  t h e  e x p e r i m e n t a l  c o n d i t i o n s  w ere  c h o s e n  t o  g i v e  
d e p o s i t s  p o s s e s s i n g  i r r e g u l a r , a n d  w i d e , l i g h t  an d  d a r k  b a n d s .
A. P l a t i n g  C o n d i t i o n s  w ere  ♦-
S o l u t i o n  -  0.5M CuS(\ + 0.5M H2 SO^  + 0 . 0 8 4 g / l  B e n z o t r i ­
a z o l e .
T e m p e r a t u r e  -  30°C .
C u r r e n t  d e n s i t y  -  2 A/dm2 
A g i t a t i o n  -  None.
13. R e s u l t s  : -
The a p p e a r a n c e  ofefech d e p o s i t  . i s  shown i n  F i g .87 ♦ 
T a b l e _30 .__ Ber i e s _  J_,_______________ _________________________
S p e c .  No. P l a t i n g  
T i m e .
C a th o d e  wt 
i n c r e a s e .
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
I n c l u s i o n  R a c i o . A p p e a r a n c e  
o f  d e p o s i t .
I -  — ----
7
_ _ 
3 m in . 0 . 0 1 3 8  g 0 . 0 0 0 3 6 7 D u l l
8 15 0 . 0 3 2 9 0 , 0 0 0 2 3 6 B r i g h t
6 2 6 . 5 0 , 0 7 2 9 0.001262 S e m i - b r i g h t
5 65 0 . 1 7 9 1 0 , 0 0 1 1 9 4 B r i g h t  b u t
c o a r s e l y
g r a i n e d .
3 90 0 . 2 4 8 7 O.OOO983 S e m i - b r i g h t
4 110 0 , 3 0 6 0 0 . 0 0 1 1 8 8 B r i g h t
2 150 0 . 3 6 0 8 0 . 0 0 1 3 3 1 S e m i - b r i g h t
1 150 0 . 4 1 8 7 0 ,0 0 0 9 8 3 B r i g h t .
C.  D i s c u s s i o n  -  The r e s u l t s  showed t h a t  t h e  a p p e a r a n c e
,  i£r-
Kli
5
Z H 8 7
F I G U R E  8 7
A p p e a r a n c e  o f  C a t h o d e  D e p o s i t s .
S e r i e s  J ,  E f f e c t  o f  P l a t i n g  T i m e  -  d e c r e a s i n g  i n  t h e  s e q u e n c e  
J 1 ,  J 2 ,  J 4 ,  J 3 ?  J 5 5 J g  ,  J g  ,  J 7 „
2 2 1
o f  a  d e p o s i t  ( e . g .  s m o o t h n e s s ,  r e f l e c t i v i t y ,  g r a i n  s i z e  ) ,  was 
n o t  s i m p l y  r e l a t e d  t o  i t s  i n c l u s i o n  c o n t e n t  n o r  t o  i t s  t h i c k ­
n e s s .  F i g t J+5 s h o w © , f o r  e x a m p l e ,  t h a t  t h e  c o p p e r  g r a i n  s i z e  
i n c r e a s e d  a s  t h e  c o p p e r  l a y e r  g rew  away f ro m  t h e  u n d e r l y i n g  
i n c l u s i o n  l a y e r .
k ) .  R e p r o d u c i b i l i t y .
P r o v i d e d  t h a t  a  v a r i a t i o n  o f  i n c l u s i o n  r a t i o  w i t h  
t h i c k n e s s  was a v o i d e d  t h e n  a  r e p r o d u c i b i l i t y  a s  h i g h  a s  +_ h% 
was o b t a i n e d ;  F o r  e x a m p l e ,  u s i n g  t h e  f o l l o w i n g  s e t  p f  p l a t i n g  
c o n d i t i o n s * t h e  t a b l e  shows t h e  i n c l u s i o n  r a t i o  o b t a i n e d  i n  
t h e  a p p r o p r i a t e  s e r i e s
P l a t i n g  c o n d i t i o n s  1-
S o l u t i o n  -  0.5M CuS(\ + 0.5M E> S0k + 0 . 1 2  g / 1  B enzo ­
t r i a z o l e .
T e m p e r a t u r e  -  30°C 
C u r r e n t  D e n s i t y  -  2 A/dm2 
A g i t a t i o n  -  None
p r o d u c e d  u n d e r  
s i m i l a r  c o n d i t i o n s .
Tab_le_31_a„ _ In<^lu^d^o_n_ r a t i o s _o f  d e p o s i t s
i S e r i e s  1
1
I n c l u s i o n  R a t i o  '
tj —  1
! C 0.002711 ;
i D{ 0.002500 1
J E 0 . 0 0 2 5 0 0  ( g r a p h i c a l ) |
i
1 p1 0 . 0 0 2 6 5 0  j
! G 0 . 0027^0 !
! H 0 . 0 0 2 6 1 0  '
The r e p r o d u c i b i l i t y ,  shown by p o l a r i s a t i o n  a n a l y s i s ,  was t h e r e ­
f o r e  f a r  g r e a t e r  t h a n  t h a t  r e p o r t e d  e l s e w h e r e  f o r  s t u d i e s  in -^  
v o l v i n g  o t h e r  s y s t e m s .
C o r r o s i o n  B e h a v i o u r  o f  C o p p e r  D e p o s i t s  c o n t a i n i n g  I n c l u s i o n s  
o f  C u p ro u s  B e n z o t r i a z o l a t e .
The p o s s i b i l i t y  o f  i n c l u d e d  c u p r o u s  b e n z o t r i a z o l a t e  
a c t i n g ,  i n  a  s u i t a b l e  e n v i r o n m e n t ,  a s  a  c o r r o s i o n  i n h i b i t o r  
f o r  t h e  e n v e l o p i n g  c o p p e r  m e t a l  h a s  b e e n  p o i n t e d  o u t  e l s e -
V, 1 2 *w here  .
The f o l l o w i n g  a c c o u n t  i s  t h a t  due t o  p r e l i m i n a r y  
s t u d i e s  o n l y .
A. E x p e r i m e n t a l  d e t a i l s
D e p o s i t s  f o r  c o r r o s i o n  t e s t i n g  w ere  p r e p a r e d  u s i n g  
t h e  f o l l o w i n g  c o n d i t i o n s  -
S o l u t i o n  -  0.5M CuS04 +0.5M H2 SC\ + 0 . 1 2 g / l  B e n z o t r i ­
a z o l e .
T e m p e r a t u r e  -  2 5 °C 
C u r r e n t  D e n s i t y  -  2 . 0  A/dm2
A g i t a t i o n  -  S o l u t i o n  v i b r a t i o n ,  a m p l i t u d e  0 , 0 8 0 ” 
C a t h o d e  m a t e r i a l  -  A .R .  C o p p e r  f o i l .
D e p o s i t  t h i c k n e s s  -  1 mm.
C o n t r o l  t e s t s  w ere  c a r r i e d  o u t  u s i n g  d e p o s i t s  p r e p a r e d  u s i n g  
s i m i l a r  c o n d i t i o n s  t o  t h e  a b o v e  b u t  w i t h o u t  a n y  a d d i t i o n  a g e n t .
Each  s p e c i m e n  was c o n t a i n e d  i n  500  ml o f  t h e  
c o r r o s i v e  e n v i r o n m e n t  an d  i t s  w e i g h t  m e a s u r e d  b e f o r e ,  a n d  a f t e r  
s i x  w e e k s ,  e x p o s u r e .
33. R e s u l t s
Some o f  t h e  r e s u l t s  o b t a i n e d  a r e  shown i n  t h e  t a b l e
o v e r l e a f .
Table 32_._Corrosion behav^our__o_f_ dejposits_with_inclusions.
C o r r o s i v e  
E n v i r o n m e n t .
S p e c i m e n . I n i t i a l  
w e i g h t .
W e igh t  
l o o s .
Comments.
___ _ _ ___
0 . 0 7 5 N HC1 ' W i t h o u t
i n c l u s i o n
I . l 6?6g 0 . 8 8 2 4 Uneven a t t a c k ,
0 .0 7 5 N  HgSO^ 
-H- 3  ml 100v 
H2 02 •
it 1 . 2 2 1 7 0 . 1 1 4 9 Even a t t a c k .
NH3 v a p o u r . it 1.3220 1 . 0 4 3 9 S p e c im e n  d i s ­
i n t e g r a t e d .
0 .0 7 5 N  HC1 With
i n c l u s i o n
1.2072 0 . 2 9 7 4 Even  a t t a c k .
0 .0 7 5 N  SO^  
+ 3 ml IGOv 
H, 02 .
tt 1 . 22*1-8 0 . 0 4 8 3 Even  a t t a c k .
NH3 v a p o u r . a 1*2975 1 . 0 2 4 3 S p e c i m e n  d i s ­
i n t e g r a t e d .
J3, D i s c u s s i o n  -  T hese  p r e l i m i n a r y  t e s t s  i n d i c a t e d  
t h a t  t h e  p r e s e n c e  o f  c u p r o u s  b e n z o t r i a z o l a t e  i n c l u s i o n s  c o u l d  
en h a n c e  t h e  c o r r o s i o n  r e s i s t a n c e  o f  a  c o p p e r  e l e c t r o d e p o s i t .
F u r t h e r  w ork  w ou ld  c l e a r l y  be  n e c e s s a r y  t o  a s c e r ­
t a i n ,  f o r  e x a m p l e ,  t h e  e x a c t  m e chan ism  o f  p r o t e c t i v e  a c t i o n  
b u t  t h e  f o l l o w i n g  r e a c t i o n  s t e p s  a r e  t e n t a t i v e l y  p r o p o s e d  t o  
a c c o u n t  f o r  t h i s  a c t i o n
C o p p er  M e t a l  
+>
C u p ro u s  B e n z o t r i -  
a z o l a t e , 
( i n s o l u b l e  a t  pH 
7 > 0 . 2 )
S low o x i d a t i o n
w i t h  02 +H2 0
A
C o p p e r  M e t a l  
p r o t e c t i v e l y  
f i l m e d  w i t h  
C u p ro u s  B e n z o -  
t r i a z o l a t e  i n  
u s u a l  way.
C o p p e r  M e t a l  
+
C u p r i c  B e n z o t r i -  
a z o l a t e  , 
( t r a n s i e n t  e x i s t ­
e n c e ,  d i s s o c i a t e d  
b e lo w  pH 2 , 5 )
C o p p e r  M e t a l  
+
B e n z o t r i a z o l e
+ Cu2
H o w ever ,  an y  f u r t h e r  i n v e s t i g a t i o n s  s h o u l d  i n v o l v e  
a  c o n s i d e r a t i o n  o f  t h e  e f f e c t  o f  g r a i n  s i z e  a n d  e l e c t r i c a l  
c o n d u c t i v i t y  o f  t h e  d e p o s i t  s i n c e  b o t h  o f  t h e s e  f a c t o r s  
w ere  m a r k e d l y  r e d u c e d  by  t h e  p r e s e n c e  o f  c u p r o u s  b e z o t r i a z o l a t e  
i n c l u s i o n s .
Effect of Addition Agents forming Solid Cuprous Complexes.
Some a d d i t i o n a l  b u t  c u r s o r y  w ork  was c a r r i e d  o u t  i n  
o r d e r  t o  s e e  i f  t h e  b e h a v i o u r  o f  b e n z o t r i a z o l e  a s  a n  a d d i t i o n  
a g e n t  w ere  u n i q u e , o r  t y p i c a l , o f  t h e  s m a l l  c l a s s  o f  compounds  
known t o  fo rm  s o l i d  c u p r o u s  c o m p le x e s  i n  a c i d  s o l u t i o n .
I n i t i a l  w ork  showed t h a t  t h e  f o l l o w i n g  c h e m i c a l s  
w e re  a b l e  t o  fo rm  s o l i d  c u p r o u s  c o m p le x e s  u n d e r  t h e  c o n d i t i o n s  
o f  p l a t i n g  u s e d  : -
i .  2 : 9 - D i m e t h y l - l ; 1 0 - p h e n a n t h r o l i n e 21 9 ,
i i .  2 : 2  - D i q u i n o l y l2 2 0 ? ( 2 : 2  D i p y r i d y l22 1 was u n s u i t a b l e )
i i i .  U r i c  a c i d 2 1 8 •
A. The p l a t i n g  c o n d i t i o n s  w ere  a s  f o l l o w s  : -
S o l u t i o n  -  0.5M CuSOk + H2 SO* ( s u f f i c i e n t  t o  g i v e  a  pH
o f  2 , 0  o r  1 . 0 )  -H- C o m p le x in g  A gen t  ( i .  0 . 2 g / l
i i .  0 , 2g / l , i i i .  0* l g / l ) .
T e m p e r a t u r e  -  2 9 °C 
C u r r e n t  D e n s i t y  -  2 A/dm2
Anode -  I s o l a t e d  i n  p o r o u s  p o t  
A g i t a t i o n  -  None 
P l a t i n g  t i m e  -  30  m i n u t e s ,
JB. R e s u l t s  : -
The a p p e a r a n c e  o f  t h e  d e p o s i t s  i s  shown i n  F i g .  88,
I n  a l l  c a s e s  m arked  e f f e c t s  on t h e  d e p o s i t s  w e re  p r o ­
d u c e d  by t h e  p r e s e n c e  o f  a n y  one o f  t h e  a b o v e  c o m p l e x i n g  a g e n t s ,  
an d  c r o s s - s e c t i o n s  showed  e v i d e n c e  o f  i n c l u s i o n s ,  D i q u i n o l y l  
p r o d u c e d  v e r y  s m o o t h ,  f i n e  g r a i n e d  an d  d u c t i l e  d e p o s i t s .  
D i m e t h y l - p h e n a n t h r o l i n e  p r o d u c e d  s t r e s s e d ,  b a n d e d  s t r u c t u r e s  
w h i c h ,  u n d e r  s u i t a b l e  a g i t a t i o n  c o n d i t i o n s ,  w ere  h i g h l y  r e ­
f l e c t i n g .  F u r t h e r m o r e ,  i n c l u s i o n s  c a u s e d  by  i . ,  c o u l d  be 
r e c o v e r e d  f ro m  t h e  d e p o s i t  by  d i s s o l v i n g  t h e  l a t t e r  i n  a n  
a q u e o u s  s i l v e r  s u l p h a t e  s o l u t i o n  c o n t a i n i n g  a  p r o p o r t i o n  o f
FIGURE 88
E f f e c t  o f  v a r i o u s  A d d i t i o n  A g e n t s ,  o t h e r  t h a n  b e n z o t r i a z o l e ,  
c a p a b l e  o f  f o r m i n g  i n s o l u b l e  C u p ro u s  c o m p lex es *
L eg e n d  s
1 ,  2~2~ D i q u i n o l y l ,  pH 1 .
2 ,  " , pH 2 .
3 ,  U r i c  a c i d ,  pH 2 .  
if, "  , pH 1 .
5 ,  No a d d i t i o n *
6 , " N e o c u p r o i n e 55, pH 1 ,  no a g i t a t i o n .
7,  " , pH 2 ,  "
8 , " , pH 2 ,  a i r  a g i t a t i o n .
*« ■
i m m i s c i b l e  am yl  a l c o h o l *  The am yl a l c o h o l  a c t e d  a s  a  c o l l e c t o r
clf o r  t h e  c u p r o u s  d i m e t h y l  p h e n a n t h r o l i n a t e 21 9 t o  p r o d u c e  a
Tdc h a r a c t e r i s t i c  y e l l o w  s o l u t i o n 219 t s u c h  a  p r o c e d u r e  b e i n g  t h e  
b a s i s  o f  a  v e r y  s e n s i t i v e  a n d  s p e c i f i c  q u a n t i t a t i v e  a n a l y s i s  
f o r  c u p r o u s  c o p p e r .
The l o c a t i o n  o f  c u p r o u s  d i m e t h y l  p h e n a n t h r o l i n a t e  
i n c l u s i o n s  c o u l d  be  e v i d e n e e d  s i m p l y  by w a s h i n g  a  p o l i s h e d  
d e p o s i t  c r o s s - s e c t i o n  w i t h  amyl o r  e t h y l  a l c o h o l  -  a s  shown 
i n  F i g s ,  8 9 , 9 0 .
C_. D i s c u s s i o n  -  I t  was p r e d i c t e d  a n d  s u b s e q u e n t l y  
shown t h a t  s u b s t a n c e s  f o r m i n g  s o l i d  compounds w i t h  c u p r o u s  
i o n s  c o u l d  b e h a v e  a s  a d d i t i o n  a g e n t s ,  A g r e a t  d e a l  o f  f u r t h e r  
w ork  w o u ld ,  h o w e v e r ,  be  n e c e s s a r y  t o  d e t e r m i n e , q u a n t i t a t i v e l y ? 
t h e  e x a c t  mode o f  a c t i o n  o f  t h e s e  a d d i t i o n  a g e n t s .
F i g s .  8 9 , 9 0 , ,  F f f e c t  o f  " N e o c u p r o i n e ”  a s  a n  a d d i t i o n  a g e n t  
i n  a  p l a t i n g  s o l u t i o n  o f  p H  1 ,  
C r o s s - s e c t i o n s ? f e t c h e d n w i t h  a m y l  a l c o h o l .  
M a g n i f i c a t i o n ,  x  9 0 0 .
1. ■
F i g . 8 9 .  N o  a g i t a t i o n ,  i r r e g u l a r  d e p o s i t  
e x h i b i t i n g  f l u t i n g  a s  i n  F i g . 8 8 .
F i g . 9 0 .  A i r  a g i t a t i o n ,  d e p o s i t  e x h i b i t i n g  
c h a r a c t e r i s t i c  b a n d i n g .
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The R o le  o f  I n c l u s i o n s  i n  t h e  E l e c t r o c r y s t a l l i s a t i o n  o f  C o p p e r ,
I n  t h e  f o l l o w i n g  a c c o u n t  a n  a t t e m p t  w i l l  be  made t o  
d e v e l o p  a  p h y s i c a l  mode l  o f  t h e  p r o c e s s  o f  e l e c t r o c r y s t a l l i s a t i o n ,  
i n  t h e  p r e s e n c e  o f  i n c l u s i o n s ,  t h a t  i s  c o m p a t i b l e  w i t h  t h e  e x ­
p e r i m e n t a l  e v i d e n c e  a l r e a d y  e s t a b l i s h e d ,
A. S o u r c e  o f  c u p r o u s  i o n s  f o r  i n c l u s i o n  f o r m a t i o n  -
I n  a  c a t h o d i c  p r o c e s s  t h e  c h i e f  s o u r c e  i s  due  t o  t h e  r e a c t i o n  : -
Cu2 +-------- >  Cu   ^  Cu.
B.  F a c t o r s  a f f e c t i n g  i n c l u s i o n  r a t i o .  -  The e f f e c t  
o f  p l a t i n g  v a r i a b l e s  h a s  b e e n  i n d i c a t e d  i n  S e r i e s  A - J .  H owever ,  
f o r  a n y  g i v e n  s e t  o f  s t e a d y  p l a t i n g  c o n d i t i o n s ,  t h e  m o s t  l i k e l y  
c a t h o d e  v a r i a b l e  i s  t h e  t r u e  c u r r e n t  d e n s i t y  s i n c e  t h e  c a t h o d e  
s u r f a c e  a r e a  d o u b t l e s s  c h a n g e s  d u r i n g  d e p o s i t i o n .  I t  h a s  
b e e n  shown t h a t  t h e  i n c l u s i o n  c o n t e n t  r a p i d l y  f a l l s  when t h e  
c u r r e n t  i s  r a i s e d  a b o v e  a  c e r t a i n  v a l u e C p ,  207 ) •
£ ,  G e n e r a l  e x p e r i m e n t a l  o b s e r v a t i o n s  -
i .  The e x t e n t  o f  i n c l u s i o n  g r o w th  was n o t  g o v e r n e d  
by t h e  o r i e n t a t i o n  o f  t h e  c o p p e r  s u b s t r a t e  ( p ,190 ) .
i i .  I t  was p o s s i b l e  t o  d e p o s i t  c o p p e r  m e t a l  on a  c o n ­
t i n u o u s  l a y e r  o f  c u p r o u s  b e n z o t r i a z o l a t e  ( p , 1 9 ^  ) .  The 
s i t u a t i o n  w he re  d e p o s i t i o n  o c c u r s  on* o r  t h r o u g h ,  a n  o r g a n i c  
f i l m  i s  t h o u g h t  t o  be a  f r e q u e n t  c o n s e q u e n c e  w here  o r g a n i c  
a d d i t i o n  a g e n t s  a r e  u s e d217 i n ,  f o r  e x a m p l e ,  b r i g h t  n i c k e l  
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i i i .  The c o n c e n t r a t i o n  o f  i n c l u s i o n  was g r e a t e s t  i n  
b a n d s  t h a t  w e re  p a r a l l e l  t o  t h e  s u b s t r a t e  ( p p ! 36- 7) .
i v .  The g r o w i n g  c a t h o d e  p e r i o d i c a l l y  p r e s e n t e d  a  
s u r f a c e  t o  t h e  s o l u t i o n  c o n s i s t i n g  o f  a  f i l m  ( p r o b a b l y  c o n t i n ­
u o u s )  o f  c u p r o u s  b e n z o t r i a z o l a t e  w h ich  s u b s e q u e n t l y  became
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c o v e r e d  a n d  i n c l u d e d  by  c o p p e r  m e t a l  ( p .  I 9i+ ) •
v .  The a p p e a r a n c e  o f  t h e  d e p o s i t s ,  i n  p a r t i c u l a r  
t h e i r  r e f l e c t i v i t y ,  c o u l d  f l u c t u a t e  w i t h  i n c r e a s i n g  d e p o s i t  
t h i c k n e s s  ( p .  221 ) .
v i .  The d e p o s i t  m i c r o n s t r u e t u r e s  w h ic h  e x h i b i t e d  
b a n d i n g  p o s s e s s e d  a n  u n d u l a t i n g  fo rm  ( F i g s , 69 )•
v i i .  The same u n d u l a t i n g  f o r m ,  n o t e d  i n  v i . ,  was 
o b s e r v e d  on  a  m a c r o - s c a l e  an d  m a n i f e s t e d  i t s e l f  i n  t h e  o u t ­
w a rd  a p p e a r a n c e  o f  t h e  d e p o s i t s  p o s s e s s i n g  f l u t i n g s  ( F i g .  86 ) .  
S i m i l a r  f l u t i n g s  h a v e  b e e n  r e p o r t e d 57 w here  g e l a t i n  was u s e d  
a s  a n  a d d i t i o n  a g e n t .
D. P h y s i c a l  m ode l  -  B ased  on t h e  a b o v e  e v i d e n c e  t h e  
f o l l o w i n g  F i g .  9 1 ,  shows  one p o s s i b l e  s e q u e n c e  o f  e l e c t r o c r y s ­
t a l l i s a t i o n
Fig, 91 - Sequence of electrocrsytallisation where 
each unshaded unit = single copper grain,
” shaded " = cuprous benzotriazolate.
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F i g s , 9 2 a  -  c , show how, u s i n g  t h e  p h y s i c a l  m o d e l ,  
t h e  b a n d i n g  e f f e c t  becomes more a p p a r e n t  a s  t h e  s c a l e  o f  e a c h  
u n i t  g r a i n  i s  r e d u c e d  : -
a . b . c
F i g s , 92 a - c  : P h y s i c a l  Model  u s i n g  d i f f e r e n t  s c a l e s
o f  u n i t  g r a i n s ,  w here  t h e  b l a c k  u n i t s  
r e p r e s e n t  t h e  i n c l u s i o n s .
F u r t h e r ,  F i g ,  93 c l e a r l y  shows how t h e  b a n d i n g  e f f e c t  
c a n  a r i s e  w here  d e p o s i t  c r o s s - s e c t i o n s  a r e  e x a m in e d  a n d  t h e  
o p t i c a l  c o n d i t i o n s  a r e  n o t  a s s o c i a t e d  w i t h  s u f f i c i e n t  r e s o l v i n g  
power  : -
Fig. 93 P h y s i c a l  Model  d e l i b e r a t e l y  p h o t o g r a p h e d  
u n d e r  o u t - o f - f o c u s  c o n d i t i o n s .
The f o l l o w i n g  i s o m e t r i c  f i g u r e s  show how t h e  s u r f a c e  
a p p e a r a n c e  o f  a  d e p o s i t  c a n  f l u c t u a t e  w i t h  t h i c k n e s s  j -
a . b .  -  a s  a . ,  b u t  i n c l u s ­
i o n  w ashed  o u t .
Figs. 9^ - a, and b • Plating stopped at one possible
stage.
c. d, - as Ci, but inclus­
ion washed out.
Figs, 95 c i d : Plating stopped at another
possible stage.
E.  D i s c u s s i o n  -  The p h y s i c a l  mode l  d e p i c t e d  i n  F i g .  91
a p p e a r s  t o  a c c o u n t  f o r  t h e  p o i n t s  n o t e d  i n  £ . ,  a l t h o u g h  i t
d o u b t l e s s l y  o v e r s i m p l i f i e s  t h e  v e r y  c o m p l i c a t e d  e v e n t s  i n
e l e c t r o c r y s t a l l i s a t i o n .
Many t h e o r i e s  h a v e  b e e n  p u t  f o r w a r d ,  b u t  w i t h o u t
s i m p l e  p h y s i c a l  m o d e l s ,  t o  a c c o u n t  f o r  t h e  phenomenon o f  b a n d -
*i n g .  T h u s ,  O s t w a l d s  t h e o r y  i n v o l v i n g  s u p e r s a t u r a t i o n  a n d  d e l a y ­
ed  p r e c i p i t a t i o n  h a s  b e e n  i n v o k e d 8 8 , a n d  t h e  v ie w  h a s  b e e n
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e x p r e s s e d 285 t h a t  p r o b a b l y  a c r i t i c a l  c o n c e n t r a t i o n  o f  r e a c t a n t  
h a s  t o  be  r e a c h e d  b e f o r e  e a c h  s t e p ,  o r  b a n d ,  o c c u r s  i n  p e r i o d i c  
c r y s t a l l i s a t i o n .  A n o t h e r  t h e o r y 227 a t t r i b u t e s  t h e  o r i g i n  o f  
b a n d i n g  t o  a r r a y s  o f  d i s l o c a t i o n s  i n  t h e  d e p o s i t ,  s i n c e  low 
t e m p e r a t u r e  a n n e a l i n g  d i d  n o t  remove t h e  b a n d s .  I t  i s  a l s o  
i n t e r e s t i n g  t o  r e c o r d  t h a t  b a n d i n g  h a s  b e e n  o b s e r v e d  i n  o t h e r  
p r o c e s s e s  i n v o l v i n g  c r y s t a l  g r o w th  o f  m e t a l s  w here  c h e m i c a l  
h e t e r o g e n e i t y  i s  p r e s e n t 2 6 9 .
Even  i n  t h e  a b s e n c e  o f  a d d i t i o n  a g e n t s  t h e  c r y s t a l  
fo rm  o f  e l e c t r o d e p o s i t e d  c o p p e r  c a n  be i n f l u e n c e d  by s m a l l
r .
c h a n g e s  i n  p l a t i n g  c o n d i t i o n s 15 45 155 275 ’ , b u t  i t  i s  f e l t
t h a t  s u c h  i n f l u e n c e s  w ou ld  n o t  u n d e r v a l u e  t h e  p h y s i c a l  m ode l  
p r o p o s e d .
P r e s e n c e  o f  s t r e s s  -  The e f f e c t  o f  s t r e s s  on t h e  
a p p e a r a n c e  o f  d e p o s i t s  c o n t a i n i n g  i n c l u s i o n s  h a s  a l r e a d y  b e e n  
p o i n t e d  o u t .  W hi le  X - r a y  d i f f r a c t i o n  s t u d i e s  showed t h a t  b e n z o ­
t r i a z o l e  c a u s e d  a  b r o a d e n i n g  o f  t h e  c h a r a c t e r i s t i c  c o p p e r  l i n e s ,
i t  was n o t  c l e a r  w h e t h e r  t h i s  e f f e c t  were  due t o  s t r e s s  o r
I
w h o l l y  due t o  t h e  d im i n b h e d  g r a i n  s i z e  o f  t h e  c o p p e r .
K .
One p o s s i b l e  c a u s e  o f  s t r e s s  c o u l d  h a v e  b e e n  due t o  
t h e  e n t r a p m e n t  o f  p l a t i n g  s o l u t i o n  i n  e a c h  i n c l u s i o n  r e g i o n .  
C h e m i c a l  r e a c t i o n s  c o u l d  c o n t i n u e  t o  o c c u r  be ' tw een  t h e  e n t r a p p e d  
s o l u t i o n  an d  s u r r o u n d i n g  c o p p e r  m e t a l  an d  g i v e  r i s e  t o  a  volume 
c h a n g e .
G, A d h e s i o n  -  I n  some i n i t i a l  e x p e r i m e n t s  i t  was 
o b s e r v e d  t h a t ,  u s i n g  b e n z o t r i a z o l e  u n d e r  s t a n d a r d  p l a t i n g  c o n ­
d i t i o n s ,  t h e  a d h e s i o n  o f  t h e  d e p o s i t s  v a r i e d  c o n s i d e r a b l y .  
S u b s e q u e n t  m e t a l l o g r a p h i c  t e s t s  showed  t h a t  p o o r  a d h e s i o n  was 
c a u s e d  by t h e  g r o w t h  o f  a  c u p r o u s  b e n z o t r i a z o l a t e  f i l m  on  t h e
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c o p p e r  e l e c t r o d e  d u r i n g  i t s  i m m e r s io n  i n  t h e  p l a t i n g  s o l u t i o n  
a n d  p r i o r  t o  i t s  b e i n g  made c a t h o d i c .
I n  g e n e r a l ,  e x c e l l e n t  a d h e s i o n  was o b t a i n e d  by j -
i ,  p o l a r i s i n g  t h e  c a t h o d e  b e f o r e  i t  was im m ersed  i n  
t h e  p l a t i n g  s o l u t i o n ,
i i .  e m p l o y i n g  e x t r e m e l y  v i g o r o u s  a g i t a t i o n ,  w i t h o u t  
t h e  p r e c a u t i o n  i n  i , ,  w h i c h ' p r o b a b l y  c a u s e d  t h e  m e c h a n i c a l  
r e m o v a l  o f  any  f i l m  b e f o r e  i t  c o u l d  c o n s o l i d a t e  on t h e  c o p p e r  
s u b s t r a t e .
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GENERAL DISCUSSION
I n  t h i s  G e n e r a l  D i s c u s s i o n  o n l y  a  b r o a d  summary 
o f  t h e  r e s e a r c h  a s  a  w ho le  w i l l  be  made,  s i n c e  t h e  many 
s p e c i f i c  t o p i c s  h a v e  a l r e a d y  b e e n  d i s c u s s e d  i n d i v i d u a l l y v
A r e v i e w  o f  t h e  e x t e n s i v e  l i t e r a t u r e  was c a r r i e d  
o u t  w h ich  c o v e r e d  b o t h  f u n d a m e n t a l  a n d  t e c h n o l o g i c a l  a s p e c t s  
o f  m e t a l  e l e c t r o d e p o s i t i o n .  T h i s  r e v e a l e d  c e r t a i n  p o s s i b l y  
i m p o r t a n t  a s p e c t s  t h a t  h a d  e s c a p e d  d e t a i l e d  a t t e n t i o n ,  o r  
h a d  p r o v e d  u n s o l v a b l e  on a c c o u n t  o f  d i f f i c u l t i e s  i n h e r e n t  i n  
t h e  e x p e r i m e n t a l  t e c h n i q u e s  o r  i n  t h e  s y s t e m s  u s e d .
Two p a r t i c u l a r  a s p e c t s  c o n c e r n i n g  t h e  a c i d  c o p p e r  
s u l p h a t e  b a t h  w h ich  h a v e  b e e n  i n v e s t i g a t e d  a r e  ; -
a .  E l e c t r o d e  k i n e t i c  f a c t o r s  -  b a s e d  on a c t i v a t i o n  
o v e r p o t e n t i a l  v e r s u s  c u r r e n t  d e n s i t y  r e l a t i o n s h i p s  -  t h i s  
c o n s t i t u t e d  P a r t  One o f  t h e  r e s e a r c h .
b .  A d d i t i o n  a g e n t  a c t i o n  -  b a s e d  on a  k n o w le d g e  o f  
t h e  f o r m a t i o n ,  r o l e  an d  a n a l y s i s  o f  i n c l u s i o n s  a r i s i n g  f rom  
t h e  a d d i t i o n  a g e n t s  -  t h i s  c o n s t i t u t e d  P a r t  Two o f  t h e  r e ­
s e a r c h .
I t  was c o n s i d e r e d  l o g i c a l  t o  s t u d y  t h e  c h a r a c t e r i s ­
t i c s  o f  t h e  s i m p l e  a c i d  c o p p e r  b a t h ,  t h a t  i s ,  w i t h o u t  a d d i t i o n  
a g e n t s ,  b e f o r e  p r o c e e d i n g  t o  d e t e r m i n e  t h e  e f f e c t s  o f  a d d i t i o n  
a g e n t s .  I t  w i l l  be shown how t h e  e s t a b l i s h m e n t  o f  new e x p e r i ­
m e n t a l  t e c h n i q u e s ,  an d  t h e  d a t a  t h e r e b y  o b t a i n e d ,  i n  P a r t  One 
l a i d  t h e  f o u n d a t i o n s  f o r  t h e  s e e m i n g l y  d i s t i n c t  a s p e c t  c o v e r e d  
i n  P a r b  Two.
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Electrode Kinetics.
I n  o r d e r  t o  o b t a i n  s i g n i f i c a n t  T a f e l  p l o t s  
t h e  l i t e r a t u r e ,  a n d  p r e l i m i n a r y  w o rk ,  i n d i c a t e d  t h a t  a  s t a n ­
d a r d i s e d  t e c h n i q u e  o f  s o l u t i o n  p r e p a r a t i o n  a n d  p u r i f i c a t i o n  
c o u l d ,  u n d e r  s t a n d a r d  p l a t i n g  c o n d i t i o n s ,  g i v e  a c c e p t a b l e  
r e p r o d u c i b i l i t y  f o r  a  n a r r o w  r a n g e  o f  p l a t i n g  s o l u t i o n  com­
p o s i t i o n .  The r e p r o d u c i b i l i t y  was a s s e s s e d  f ro m  t h e  a p p e a r ­
a n c e  o f  t h e  e l e c t r o d e p o s i t  s t r u c t u r e s  a s  w e l l  a s  f ro m  p o l a r ­
i s a t i o n  d a t a .  H owever ,  o u t s i d e  t h i s  n a r r o w  r a n g e  o f  c o n d i t i o n s  
i t  was o b s e r v e d  t h a t  c a t h o d e s  u s u a l l y  p o s s e s s e d  t i m e - d e p e n d e n t  
p r o p e r t i e s  w h e r e ,  f o r  e x a m p le ,  a  c h a n g e  i n  s u r f a c e  a r e a  o r  o f  
p r e d o m i n a n t  c r y s t a l  f a c e  o r i e n t a t i o n  a f f e c t e d  t h e  v a l u e  o f  
a c t i v a t i o n  o \ r e r p o t e n t i a l  a t  any  t i m e  v a l u e .  T hese  t i m e - d e p e n d e n t  
p r o p e r t i e s  p r e v e n t e d  t h e  a t t a i n m e n t  o f  l i n e a r  T a f e l  p l o t s  a n d ,  
i t  was b e l i e v e d ,  w ere  r e s p o n s i b l e  f o r  much o f  t h e  d i s p a r i t y  an d  
d i f f i c u l t y  i n  t h e  i n t e r p r e t a t i o n  o f  p u b l i s h e d  d a t a .
A c c o r d i n g l y ,  a  b a s i c a l l y  s i m p l e  e x p e r i m e n t a l  t e c h ­
n i q u e  was d e v e l o p e d  i n  o r d e r  t h a t  a  r e p r o d u c i b l e  c a t h o d e  
s u b s t r a t e  was a v a i l a b l e  f o r  e a c h  m e a s u r e m e n t  o f  o v e r p o t o n t i a l  
a t  a n y  r e q u i r e d  v a l u e  o f  a p p l i e d  p l a t i n g  c u r r e n t .  T h i s  t e c h ­
n i q u e  was t e r m e d  t h e  R e p r o d u c i b l e  S u b s t r a t e ,  o r  R . S . ,  m e th o d  
a n d  i n v o l v e d  t h e  u s e  o f  a  s p e c i a l l y  p r e p a r e d  n o b l e  s u b s t r a t e  
o f  p l a t i n u m  w h ich  was m oun ted  i n  a n  im p ro v e d  d e s i g n  o f  
e l e c t r o l y s i s  c e l l .  A t h r e e - s t e p  e l e c t r o l y s i s  c y c l e  was u s e d  
t h u s  j -
i .  The n o b l e  s u b s t r a t e  was p l a t e d  ( r e f e r r e d  t o  a s  
" p r e f o r m e d " )  w i t h  c o p p e r ,  u s i n g  t h e  a c t u a l  p l a t i n g  s o l u t i o n
u n d e r  s t u d y ,  w i t h  a  c u r r e n t  d e n s i t y  t h a t  e n s u r e d  t h e  d e p o s i t ­
i o n  o f  a. c o n t i n u o u s  l a y e r  o f  c o p p e r  i n  t h e  f i x e d  t i m e  a l l o w e d .
i i .  The e l e c t r o p l a t i n g  s t a g e  was t h e n  s w i t c h e d  i n ,  
when a  p r e - s e l e c t e d  c o n s t a n t  c u r r e n t  was a p p l i e d .  The o v e r ­
p o t e n t i a l  was n o t e d  w h i c h ,  a f t e r  c o r r e c t  p r e f o r m i n g ,  was
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c o n s t a n t  d u r i n g  t h e  t i m e  n e c e s s a r y  f o r  i t s . m e a s u r e m e n t .
i i i .  The n o b l e  s u b s t r a t e  was t h e n  made a n o d i c  ( r e ­
f e r r e d  t o  a s  r,d e p l a t i n g n ) by  r e v e r s i n g  t h e  c e l l  p o l a r i t y  u n t i l  
a l l  t h e  c o p p e r  was rem oved  f ro m  t h e  s u b s t r a t e .  A s e n s i t i v e  
e l e c t r i c a l  c i r c u i t  was d e v i s e d  s o  t h a t  d e p l a t i n g  was a u t o ­
m a t i c a l l y  t e r m i n a t e d  b e f o r e  o x y g e n  b u b b l e s  c o u l d  fo rm  on t h e  
s u b s t r a t e  an d  g i v e  r i s e  t o  c e r t a i n  s p u r i o u s  e f f e c t s .
The s t a g e s  -  p r e f o r m ,  e l e c t r o p l a t e  an d  d e p l a t e  -  
wore  r e p e a t e d  f o r  e a c h  v a l u e  o f  c u r r e n c  o v e r  t h e  r e q u i r e d  
r a n g e  o f  c u r r e n t  d e n s i t y .
A number  o f  s p e c i a l  a d v a n t a g e s  w ere  i n h e r e n t  o n l y  
i n  t h e  R . S ,  m e thod  a n d  e l e c t r o l y s i s  c e l l ,  some o f  w h ich  a r e  
i n c l u d e d  i n  t h e  f o l l o w i n g  ; -
A. E l e c t r o l y s i s  c o n d i t i o n s  w ere  s i m i l a r  t o  t h o s e  
p r e v a i l i n g  i n  t e c h n o l o g i c a l  p r a c t i c e  w h ich  i n c l u d e d  t h e  u s e  
o f  s u s t a i n e d  d i r e c t  c u r r e n t .  T h i s  s i t u a t i o n  i s  n o t  r e a l i s e d  
i n  t h e  many t e c h n i q u e s  t h a t  employ  b r i e f  p u l s e s  o f  d . c .  o r  a . c „
B. A v e r y  s m a l l  c h a r g e  was r e q u i r e d  t o  o b t a i n  a 
c o m p l e t e  T a f e l  p l o t .  T h i s  e n s u r e d  t h a t  a n y  u n a v o i d a b l e  
i r r e v e r s i b l e  c h a n g e s  i n ,  f o r  e x a m p l e ,  t h e  s o l u t i o n  c o m p o s i t i o n  
w ere  i n s i g n i f i c a n t , -  a  v a l u a b l e  f e a t u r e  w here  t h e  e f f e c t s  o f  
t r a c e  a d d i t i o n s  on o v e r p o t e n t i a l  were  t o  be  s t u d i e d .
C_. S u f f i c i e n t  d a t a  f o r  a  c o m p l e t e  T a f e l  p l o t  c o u l d  
be r a p i d l y  a n d  r e p r o d u c i b l y  O b t a i n e d .  Any s u s p e c t  o r  new v a l u e s  
c o u l d  be d e t e r m i n e d  s i m p l y  by a p p l y i n g  t h e  r e q u i s i t e  c u r r e n t  
d e n s i t y  a f t e r  t h e  p r e f o r m i n g  s t a g e .
D. O nly  a  s m a l l  vo lume o f  p l a t i n g  s o l u t i o n  was 
r e q u i r e d  t o  c h a r g e  t h e  e l e c t r o l y s i s  a n d  r e f e r e n c e  c e l l s ,  t h u s  
e n s u r i n g  e c o n o m ie s  i n  t h e  p r e p a r a t i o n  o f  t h e  s o l u t i o n s .
IC, No d i s m a n t l i n g  o f  t h e  c e l l  was n e c e s s a r y  f o r  any  
o f  t h e  m e a s u r e m e n t s  i n  t h e  s t u d y  o f  a n y  one p l a t i n g  s o l u t i o n ,
F ,  S u f f i c i e n t  an d  e f f e c t i v e  a g i t a t i o n  was p r o v i d e d  
by s o l u t i o n  v i b r a t i o n ,  t h u s  e l i m i n a t i n g  c o n c e n t r a t i o n  p o l a r i e -
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a t i o n  a n d  e n s u r i n g  e v e n  t e m p e r a t u r e  c o n t r o l .  |.
I
G. The c a t h o d e  i m m e r s i o n  t i m e ,  n o r m a l l y  l o n g  i n  [
o t h e r  t e c h n i q u e s ,  was t o o  s m a l l  t o  a f f e c t  t h e  v a l u e s  o f  o v e r ­
p o t e n t i a l .  T h u s ,  a s  s o o n  a s  p r e f o r m i n g  was c o m p l e t e d ,  t h e  !.
f
o v e r p o t e n t i a l  was m e a s u r e d  l o n g  b e f o r e  an y  r e a c t i o n s  b e t w e e n  I
t h e  p r e f o r m e d  c o p p e r  f i l m  a n d  t h e  p l a t i n g  s o l u t i o n  became 
s i g n i f i c a n t .  |
S u b s e q u e n t l y  a  w ide  r a n g e  o f  p l a t i n g  s o l u t i o n  com- |
p o s i t i o n s  was s t u d i e d  by t h e  R»S. m e thod  w h i c h ,  h o w e v e r ,  c o n -  |s
t a i n e d  t r a c e s  o f  c h l o r i d e  i o n s  t h a t  w ere  n o t  rem oved  i n  t h e  ij ' i
i'i j
p u r i f i c a t i o n  p r o c e d u r e  u s i n g  a c b i v e  c a r b o n  an d  h y d r o g e n  p e r -  [ j
o x i d e .  The d a t a  o b t a i n e d  was u s e d  t o  d e t e r m i n e  an d  e x p l a i n  j
some o f  t h e  e f f e c t s  o f  p l a t i n g  v a r i a b l e s  on p a r a m e t e r s  s u c h  
a s  t h e  t r a n s f e r  c o e f f i c i e n t ,  e x c h a n g e  c u r r e n t  d e n s i t y ,  l i m i t i n g  
c u r r e n t  d e n s i t y ,  a n d  t h e  f r e e  e n e r g y  o f  a c t i v a t i o n .  F u r t h e r -  
m o re ,  t h e  l i m i t s  o f  s o l u t i o n  c o m p o s i t i o n  were  d e t e r m i n e d  w i t h i n  [;!
w h ich  s a t i s f a c t o r y  c o p p e r  e l e c t r o d e p o s i t s  c o u l d  be o b t a i n e d ,  f o r  
e x a m p l e ,  w i t h o u t  h y d r o g e n  e v o l u t i o n  -  a  n e c e s s a r y  p r e c a u t i o n
:>! I
b e f o r e  u s i n g  a d d i t i o n  a g e n t s  t h a t  m i g h t  be c a t h o d i c a l l y  r e d u c e d .  |(-
F o r  a  s o l u t i o n  o f  c o m p o s i t i o n  0.5M CuS04 +0.5M H2 S( \  , t h e  v a l u e s  j
o f  t h e s e  p a r a m e t e r s  were  a p p r o x i m a t e l y  e q u a l  t o  t h e s e  o b t a i n e d  (]'
u s i n g  c l a s s i c a l  p o l a r i s a t i o n  t e c h n i q u e s  an d  a l s o  by o t h e r  w o r k e r s  |
g e n e r a l l y .  H ow ever ,  a f t e r  t h e  p r o p e r t i e s  o f  s u p e r - p u r e  s o l u t i o n s  
( v i r t u a l l y  c h l o r i d e - f r e e )  h a d  b e e n  s t u d i e d ,  i t  was o b s e r v e d  |
t h a t  t h e  t r a c e s  o f  c h l o r i d e  i o n s  p r e s e n t  i n  o r d i n a r i l y - p u r i f i e d  |!
f s o l u t i o n s  o f  t h i s  c o m p o s i t i o n  were  r e s p o n s i b l e  f o r  t h e  r e p r o d u c i b i l i t y  j 
a n d  s t a b i l i t y  w i t h  t i m e  o f  t h e  a c t i v a t i o n  o v e r p o t e n t i a l s .  ij
I t  was f o u n d  t h a t ,  w i t h  s o l u t i o n s  o f  c o m p o s i t i o n  o t h e r  !|
t h a n  0..5M CuS(\ + O.^M Hg SO* , o n l y  t h e  R . S .  m e thod  gave  l i n e a r  j
T a f e l  p l o t s  i n  a c c o r d a n c e  w i t h  t h e  g e n e r a l l y  a c c e p t e d  t h e o r e t i c a l  j
%
p r e d i c t i o n s .  T h i s  m i g h t  h a v e  a c c o u n t e d  f o r  t h e  p a u c i t y  o f  
p u b l i s h e d  d a t a  on s o l u t i o n s  o f  t h e s e  e t h e r  . c o m p o s i t i o n s .
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S u p e r - p u r e  s o l u t i o n s  w ere  s t u d i e d  a n d  t h e s e  w ere  i;
p r e p a r e d  f ro m  s t a r t i n g  m a t e r i a l s  t h a t  were  b e l i e v e d  t o  be  f r e e  j
o f ,  o r  v e r y  low  i n ,  c h l o r i d e s .  T h e i r  p r e p a r a t i o n  em ployed
e i t h e r  one o f  t h e  f o l l o w i n g  r e a c t i o n s  : -  jj
i »  Cu + Ag2 S ( \  = CuS04 + 2Ag, f.
i i . CuO + H2 SO* = CuS04 + II2 0 .  |
Si
F o r  any  g i v e n  s o l u t i o n  c o m p o s i t i o n ,  b o t h  r e a c t i o n s  p r o d u c e d  j )
s o l u t i o n s  h a v i n g  s i m i l a r  p o l a r i s a t i o n  c h a r a c t e r i s t i c s .  jj
The a d d i t i o n  o f ,  f o r  exam ple ,  1 p a r t ' o f  C l  i n  50 m i l ]  i o n  o f  [I* i1
a  s u p e r - p u r e  p l a t i n g  s o l u t i o n  was e a s i l y  d e t e c t e d  by t h e  m arked  jj
fj
d e p o l a r i s i n g  e f f e c t .  C o n c e n t r a t i o n s  o f  c h l o r i d e  g r e a t e r  t h a n  I
1 p a r t  i n  2 m i l l i o n  n o t  o n l y  c a u s e d  f u r t h e r  d e p o l a r i s a t i o n  b u t  j
e n h a n c e d  t h e  s t a b i l i t y  o f  o v e r p o t e n t i a l  w i t h  t i m e  an d  a l s o  t h e  jj
o v e r a l l  r e p r o d u c i b i l i t y .  I
ii
M echan ism s  were  p r o p o s e d  t c  e x p l a i n  t h e  e f f e c t s  o f  j ; |
c h l o r i d e  i o n s  w h ich  i n v o l v e d  t h e  f o r m a t i o n  o f  a  t r a n s i e n t  I;
c u p r o u s  c h l o r o - a q u o  com plex  i n  t h e  c a t h o d i c  p r o c e s s  : -  |||
Cu2 + — * Cu+ — > Cu. jj!
The T a f e l  b e h a v i o u r  o f  s u p e r - p u r e  s o l u t i o n s  w as ,  
f o ^  a n y  g i v e n  c o m p o s i t i o n ,  q u i t e  d i f f e r e n t  f ro m  t h a t  o f  j j
s o l u t i o n s  o f  u s u a l  p u r i t y  -  t h a t  i s ,  c o n t a i n i n g  more t h a n  jj
5 ppm o f  c h l o r i d e  i o n s .  The s u p e r - p u r e  s o l u t i o n s  gave  p l o t s  j j : . ;
i l l '
e a c h  c o n s i s t i n g  o f  two d i s t i n c t  l i n e a r  T a f e l  s l o p e s  i n t e r ­
s e c t i n g  a t  a n  o v e r p o t e n t i a l  o f  a b o u t  0 . 1 V .  (A c u r v e d  r e l a t i o n -  jr
s h i p  was o b t a i n e d  when c l a s s i c a l  p o l a r i s a t i o n  t e c h n i q u e s  were  j:
u s e d )  „ jj
T h es e  r e s u l t s  t h e r e f o r e  p r o v i d e d  t h e  f i r s t  d i r e c t  
e x p e r i m e n t a l  e v i d e n c e  f o r  a  c h a n g e  i n  t h e  r a t e - d e t e r m i n i n g  
s t e p ,  p r e d i c t e d  by  B o c k r i s  an d  Conway i n  1 9 5 8 ,  w h ich  s h o u l d  jj
o c c u r  when t h e  a c t i v a t i o n  o v e r p o t e n t i a l  i s  r a i s e d  ab o v e  0 . 1 V .  ||
The p a r t i c u l a r  r a t e - d e t e r m i n i n g  s t e p s  p o s t u l a t e d  by t h e s e  jj
w o r k e r s  w ere  |
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i ,  n l e s s  t h a n  O . l V i - i o n i c  t r a n s f e r  o r  s u r f a c e  a
d i f f u s i o n  o f  a d i o n s ,
i i ,  r] g r e a t e r  t h a n  0 . 1 V 2 -  Cu2 + Cu+ „a  * a q  a q
The a p p r o p r i a t e  a c t i v a t i o n  e n e r g i e s  o b t a i n e d  u s i n g  s u p e r - p u r e  
s o l u t i o n s  a g r e e d  f a v o u r a b l y  w i t h  t h o s e  p r e d i c t e d .
The r e s u l t s  u s i n g  t h e  s u p e r - p u r e  s o l u t i o n s  i n d i c a t e d  
t h a t  t h e  a c t i o n  o f  t r a c e s  o f  c h l o r i d e  i o n s  h a d  n o t  b e e n  f u l l y  
a p p r e c i a t e d  by p r e v i o u s  w o r k e r s  whose  p u r i f i c a t i o n  t e c h n i q u e s  
c u u l d  n o t ,  i n  g e n e r a l ,  p r o v i d e  s o l u t i o n s  s u f f i c i e n t l y  l o w  i n  
c h l o r i d e  c o n c e n t r a t i o n  n e c e s s a r y  f o r  t h e  more e x a c t i n g  s t u d i e s .
The u t i l i t y  o f  t h e  R . S .  m e th o d ,  i n  c o n j u n c t i o n  w i t h  
s u p e r - p u r e  s o l u t i o n s  an d  a  p r o p e r l y  d e s i g n e d  a n d  o p e r a t e d  
e l e c t r o l y s i s  c e l l ,  was f e l t  t o  be am ply  d e m o n s t r a t e d  by t h e  
r e s u l t s  o b t a i n e d .
M echan ism  o f  A d d i t i o n  A gen t  A c t i o n ,
The v ie w  i s  f r e q u e n t l y  
e x p r e s s e d  t h a t  t h e r e  i s  no s i n g l e ,  s i m p l e ,  e x p l a n a t i o n  t h a t  
c a n  a c c o u n t  i o r  t h e  a c t i o n  o f  a d d i t i o n  a g e n t s  i n  a f f e c t i n g  
a c t i v a t i o n  o v e r p o t e n t i a l  an d  e l e c t r o d e p o s i t  s t r u c t u r e s .
H ow ever ,  many o f  t h e  s t u d i e s  o f  p a s t  w o r k e r s  h a v e  shown t h a t  
a d s o r p t i o n  o f  t h e  a d d i t i o n  a g e n t  a t  t h e  c a t h o d e  s u r f a c e  c a n  
p l a y  a n  i m p o r t a n t  r o l e .  The s i g n i f i c a n c e  o f  com plex  i o n  
f o r m a t i o n  seems t o  h a v e  r e c e i v e d  s e r i o u s  c o n s i d e r a t i o n  o n l y  
w i t h  r e g a r d  t o  t h e  n a t u r e  o f  t h e  d e p o s i t a b l e  m e t a l  i o n  a s  
i t  e x i s t s  i n  t h e  b u l k  p l a t i n g  s o l u t i o n .  Se ldom  h a s  c o n s i d e r ­
a t i o n  b e e n  made t o  t h e  c o m p le x e s  t h a t  may fo rm  w i t h i n  t h e  
d i f f u s e  d o u b l e  l a y e r  a n d  a t  t h e  c a t h o d e  s u r f a c e .  I n f o r m a t i o n  
c o n c e r n i n g  t h e  c o n s t i t u t i o n  o f  a  c a t h o d e  d i f f u s e  d o u b l e  l a y e r  
w o u ld  n a t u r a l l y  g r e a t l y  f a c i l i t a t e  an y  s t u d i e s  o f  t h e  p a t h  
f o l l o w e d  by a  d e p o s i t i n g  m e t a l  i o n ,  b u t  i t  i s  n o t  y e t  p o s s i b l e
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t o  o b t a i n  f u l l  i n f o r m a t i o n  w i t h  t h e  p r e s e n t  e x p e r i m e n t a l  
t e c h n i q u e s .
j j
I n  g e n e r a l ,  t h e  d a t a  o b t a i n e d  f ro m  p r e v i o u s  w o r k e r s  
r e s u l t s  h a v e  n o t  b e e n  f u l l y  q u a n t i t a t i v e , o r  s a t i s f a c t o r i l y  
i n t e r p r e t a b l e , d u e  t o  v i t i a t i n g  f a c t o r s  s u c h  a s  t h e  f o l l o w i n g
i .  The i n s t a b i l i t y  o f  t h e  a d d i t i o n  a g e n t  when 
d i s s o l v e d  i n  t h e  p l a t i n g  s o l u t i o n ,
i i .  The d e c o m p o s i t i o n  o f  t h e  a d d i t i o n  a g e n t  a t  t h e  
a n o d e  o r  c a t h o d e  t o  fo rm  unknown a n d  s p u r i o u s  p r o d u c t s ,
i i i .  The i n a b i l i t y  t o  r e t r i e v e  a n d  a n a l y s e  b o t h  
q u a l i t a t i v e l y  a n d  q u a n t i t a t i v e l y  t h e  i n c l u s i o n s  i n  t h e  e l e c t r o ­
d e p o s i t s  a r i s i n g  f rom  t h e  a d d i t i o n  a g e n t s .
U n l i k e  many o t h e r  e l e c t r o p l a t i n g  s y s t e m s ,  d i s ­
c h a r g e  o f  c u p r i c  io n s  o c c u r s  t h r o u g h  i n t e r m e d i a t e  c u p r o u s  i o n s  
i n  t h e  a c i d  c o p p e r  s u l p h a t e  b a t h .  Thus i t  i s  a p p a r e n t  t b ^ t  
c u p r o u s  c om plex  i o n  f o r m a t i o n  ~ a s  w e l l  a s  a d s o r p t i o n  -  a r e  
l i k e l y  t o  p l a y  i m p o r t a n t  p a r t s  i n  t h e  mechan ism o f  a d d i t i o n  
a g e n t  a c t i o n  i n  t h i s  p a r t i c u l a r  s y s t e m .
A c c o r d i n g l y ,  a  number  o f  a c t i v e  a d d i t i o n  a g e n t s  were  
s t u d i e d  i n  o r d e r  t o  c h e c k  t h e i r  s u i t a b i l i t y  f o r  f u r t h e r  
d e t a i l e d  w o rk .  The R . S .  m e thod  p r o v i d e d  a  c o n v e n i e n t  a n d  
s a t i s f a c t o r y  way f o r  c a r r y i n g  o u t  t h e s e  i n i t i a l  c h e c k s  w h ich  
i n c l u d e d
i .  D e t e r m i n a t i o n  o f  t h e  s t a b i l i t y  o f  t h e  a d d i t i o n  
a g e n t .  The R.S*  e l e c t r o l y s i s  c y c l e  was r e p e a t e d  an d  any  
c h a n g e s  o f  a c t i v a t i o n  o v e r p o t e n t i a l  w i t h  t i m e ,  u s i n g  s t a n d a r d  
c o n d i t i o n s ,  w ere  n o t e d .
i i .  M e a s u re m e n t  o f  t h e  p r e c i s e  e f f e c t  o f  a n  a d d i t i o n  
a g e n t  on a c t i v a t i o n  o v e r p o t e n t i a l ,  u s i n g  v a r i o u s  c u i r e n t  
d e n s i t i e s .
These  i n i t i a l  s t u d i e s  showed t h a t  t h r e e  d i s t i n c t  
m e c h a n i s m s  o f  a d d i t i o n  a g e n t  a c t i o n  c o u l d  be  o p e r a t i v e ,  a n d  e a c h
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was c h a r a c t e r i s e d  a s  f o l l o w s  ♦ -
i .  P o rm ic  a c i d  -  P o l a r i s a t i o n  d a t a ,  i n  a d d i t i o n  t o  
s t u d i e s  o f  t h e  e l e c t r o d e p o s i t  s t u c t u r e s ,  i n d i c a t e d  t h a t  t h i s  
a g e n t  was p r e f e r e n t i a l l y  a d s o r b e d  a t  c e r t a i n  c a t h o d e  c r y s t a l  
f a c e s  o n l y .  C r y s t a l  g r o w th  was t h e r e b y  e n c o u r a g e d  on t h e  
?,u n p o i s o n e d ,J f a c e s  an d  t h e s e  w ere  a s s o c i a t e d  w i t h  a  low 
a c t i v a t i o n  o v e r p o t e n t i a l ,  ( O v e r a l l  a d s o r p t i o n  o f  t h e  a d d i t i o n  
w ou ld  p r o b a b l y  h a v e  l e d  t o  a n  i n c r e a s e  i n  a c t i v a t i o n  o v e r p o t e n t i a l )
i i .  C r o t y l  a l c o h o l  -  T h i s  d o u b t l e s s  f o rm e d  a  s o l u b l e  
c u p r o u s  com plex  t h a t  c o u l d  be e a s i l y  d i s c h a r g e d  a t  t h e  c a t h o d e ,
t
B u t l e r s  e q u a t i o n  was i n v o k e d  t c  e x p l a i n  t h e  d e p o l a r i s i n g  e f f e c t  
a n d  i t  was s i g n i f i c a n t  t h a t ,  l i k e  c h l o r i d e  i o n s  a n d  o t h e r  
a g e n t s  c a p a b l e  o f  f o r m i n g  s o l u b l e  c u p r o u s  c o m p l e x e s ,  c r o t y l  
a l c o h o l  c o n f e r r e d  e x t r a o r d i n a r y  s t a b i l i t y  on a c t i v a t i o n  o v e r -  
p o t e n t i a l  w i t h  r e s p e c t  t o  t i m e .
i i i .  B e n z o t r i a z o l e  -  T h i s  was shown t o  fo rm  a n  i n s o l u b l e  
c u p r o u s  com plex  w h ich  c o - d e p o s i t e d  an d  t h e r e b y  c o u l d  m arked ly ,  
a l t e r  t h e  m o rp h o l o g y  o f  t h e  e l e c t r o d e p o s i t s *  T h i s  a g e n t  was 
n o t  t h o u g h t  t o  a l t e r  t h e  a c t u a l  m echan ism  o f  t h e  n o r m a l  d i s ­
c h a r g e  p r o c e s s  b u t  r a i s e d  t h e  a c t i v a t i o n  o v e r p o t e n t i a l  o n l y  
b e c a u s e  t h e  t r u e  p l a t i n g  c u r r e n t  d e n s i t y ,  f o r  a  g i v e n  a p p l i e d  
c u r r e n t ,  was a l s o  r a i s e d  by t h e  p r e s e n c e  o f  a  d i s c o n t i n u o u s  
f i l m  o f  c u p r o u s  b e n z o t r i a z o l a t e  on  t h e  c a t h o d e  s u r f a c e .  With  
s u f f i c i e n t  b e n z o t r i a z o l e  p r e s e n t  i n  t h e  p l a t i n g  s o l u t i o n  t h e  
e l e c t r o d e p o s i t s  c o u l d ,  u n d e r  s u i t a b l e  p l a t i n g  c o n d i t i o n s ,  be 
f u l l y  b r i g h t ,  c o h e r e n t ,  a d h e r e n t  a n d  b a n d e d .
On a c c o u n t  o f  t h e  s i g n i f i c a n t  e f f e c t s  p r o d u c e d  by 
b e n z o t r i a z o l e  a  d e t a i l e d  s t u d y  o f  i t s  a c t i o n  was c a r r i e d  o u t ,  
avo id5 .ng  t h e  v i t i a t i n g  f a c t o r s  e x p 6 r i e n c e d  by p r e v i o u s  w o r k e r s ,  
w h ic h  i n c l u d e d  t h e  a n a l y s i s  o f  t h e  e l e c t r o d e p o s i t  i n c l u s i o n s  
c a u s e d  by b e n z o t r i a z o l e .  T h i s  showed p r e c i s e l y  t h e  n a t u r e ,  
d i s t r i b u t i o n  a n d  c o n t e n t  o f  t h e  i n c l u s i o n s  w h ic h  w ere  w h o l l y  
c u p r o u s  b e n z o t r i a z o l a t e .
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Xn o r d e r  t o  s t u d y  t h e  e f f e c t  o f  p l a t i n g  v a r i a b l e s  
on t h e  i n c l u s i o n  c o n t e n t  c a u s e d  by b e n z o t r i a z o l e ,  a  s p e c i a l  
a n a l y s i s  t e c h n i q u e  was d e v e l o p e d ,  t e r m e d  ‘’P o l a r i s a t i o n  A n a l y s i s ” * 
w h e re b y  t r a c e  a m o u n ts  o f  i n c l u s i o n s  c o u l d  be  a c c u r a t e l y  a n d  
r e p r o d u c i b l y  d e t e r m i n e d .  T h i s  a n a l y s i s  was e f f e c t e d  by f i r s t  
d i s s o l v i n g  up  t h e  e l e c t r o d e p o s i t  i n  a c i d i f i e d  s i l v e r  s u l p h a t e  
s o l u t i o n  u n d e r  c a r e f u l l y  s t a n d a r d i s e d  c o n d i t i o n s .  The p o l a r ­
i s a t i o n  c h a r a c t e r i s t i c s  o f  t h e  r e s u l t i n g  a c i d  c o p p e r  s u l p h a t e  
s o l u t i o n ,  now c o n t a i n i n g  a n  unknown am ount o f  r e t r i e v e d  
b e n z o t r i a z o l e  due t o  t h e  i n c l u d e d  c u p r o u s  b e n z o t r i a z o l a t e ,  w ere  
t h e n  d e t e r m i n e d  u s i n g  t h e  R . S .  m e th o d .  T hese  p o l a r i s a t i o n  
r e s u l t s  were  t h e n  com pared  w i t h  t h o s e  o b t a i n e d  u s i n g  known 
a m o u n ts  o f  b e n z o t r i a z o l e  a n d ,  h e n c e ,  t h e  p r e c i s e  am ount o f  
i n c l u d e d  c u p r o u s  b e n z o t r i a z o l a t e  c o u l d  be f o u n d .
The r e s u l t s  o f  t h e s e  a n a l y s e s ,  t o g e t h e r  w i t h  g e n e r a l  
m e t a l l o g r a p h i c  o b s e r v a t i o n s ,  a s s i s t e d  i n  t h e  d e v e l o p m e n t  o f  a  
p h y s i c a l  mode l  w h ic h  was em ployed  t o  e x p l a i n  t h e  phenomenon  
o f  b a n d i n g  i n  e l e c t r o d e p o s i t s  an d  a l s o  t h e  p o o r  r e p r o d u c i b i l i t y  
e x p e r i e n c e d  by p r e v i o u s  w o r k e r s  i n  t h e  a n a l y s i s  o f  i n c l u s i o n  
c o n t e n t .  The u t i l i t y  o f  t h e  R . S .  m e th o d ,  i n  p r o v i d i n g  p r e c i s i o n  
p o l a r i s a t i o n  d a t a  s u i t a b l e  a s  a  means  o f  a n a l y s i s ,  was a g a i n  
a p p a r e n t .
The r e s u l t s  o f  t h e s e  s t u d i e s  u s i n g  b e n z o t r i a z o l e  
a s  a n  a d d i t i o n  a g e n t  (w h ic h  i s  a l s o  a n  e s t a b l i s h e d  c o r r o s i o n  
i n h i b i t o r  f o r  c o p p e r )  were  em p loyed  t c  s u g g e s t  t h e  c r i t e r i a  
n e c e s s a r y  i n  o r d e r  t h a t  a  c o r r o s i o n  i n h i b i t o r  c a n  be b u i l t  
i n t o  a n  e l e c t r o d e p o s i t ,  A m echan ism  o f  t h e  c o r r o s i o n - i n h i b i t i n g  
a c t i o n  o f  c u p r o u s  b e n z o t r i a z o l a t e  i n c l u s i o n s  i s  p r o p o s e d ,  
b a s e d  on t h e  c h e m i c a l  p r o p e r t i e s  o f  t h e  c o p p e r  b e n z o t r i a z o l a t e s  
a n d  on p r e l i m i n a r y  e x p e r i m e n t a l  e v i d e n c e  w i t h  c o r r o s i o n  t e s t s .
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An Improved Technique for Measuring Cathode Overpotential 
During Electrodeposition*
by J. K. Prall and L. L. Shreir f
s y n o p s is  -
The determination of the activation overpotential/current density relationship (i?A— i) during the electrodeposition 
of metals is subject to errors owing to the changing surface topography of the substrate. Under these circum­
stances, the true current density varies continuously as electrodeposition proceeds. To overcome this difficulty, a 
technique has been developed which involves the use of a platinum cathode which is coated with a very thin 
deposit of copper prior to each determination of n A at constant i. Removal of the deposit is effected anodically 
and automatically terminated before oxygen gas can be evolved. This avoids the possibility of gas bubbles 
adhering to the platinum and causing errors in the subsequent plating stage. Although the studies have been 
confined to copper, it is considered that the method is of general application. The preparation of copper sulphate 
electrolytes has been investigated and, using highly purified electrolytes in conjunction with the techniques des­
cribed, it has been found possible to obtain linear Tafel lines during the electrocrystallisation of copper.
INTRODUCTION
THE present work involves a study of the factors which 
determine the reproducibility of the t)a— i relationship 
obtained during the cathodic reduction of copper ions from 
copper sulphate electrolytes. In any study of metal depo­
sition the changing surface topography results in a change 
in the active surface area of the cathode so that the true 
current density is not known with certainty. This situation, 
however, does not apply to studies of hydrogen overvoltage, 
although bubble formation and adherence of bubbles to 
the cathode may affect the surface area. Before considering 
the techniques developed during the present work, it is 
necessary to consider the difficulties which arise in the 
determination of rjA during the deposition of copper.
An activation overpotential, rjA, arises owing to a slow  
stage between the arrival o f hydrated ions at the cathode 
surface and their ultimate incorporation into the metal 
lattice and the rate-determining step of an electrode pro­
cess can be elucidated by a study of rjA— i relationships, 1 
where i is the electrocrystallisation rate. If a particular 
mechanism is to be ascribed to a cathode process, it 
is essential that rjA and i should be determined with acc­
uracy.
The inherent difficulties in measuring overvoltages are 
well known and can be attributed to (a) impurities already 
present in the electrolyte or those formed during electro­
lysis, and (b) insufficient control of experimental conditions. 
In particular, the changing cathode topography during 
electrocrystallisation usually prevents the accurate evalua­
tion of current density . 2 The importance of electrolyte 
purity cannot be overemphasised and different techniques 
have been described to obtain a pure electrolyte (with or 
without addition agents); the purity has been assessed
* MS. received December 1960.
t Metallurgy Department, Battersea College of Technology, 
London, S.W .ll.
by the reproducibility of -qA, deposit structure or other 
factors under consideration. Ideally, the method o f puri­
fication should be governed by a prior knowledge of all 
adverse impurities but this is not usually possible and the 
use of certain standard chemical purification methods is 
precluded owing to the introduction or formation o f  
spurious impurities; thus certain grades o f active carbon 
or hydrogen peroxide are unsuitable for this purpose.
The stability of the purified electrolyte during storage 
must be considered, as one cause o f irreproducibility in 
copper sulphate solutions is the possibility of bacterial 
contamination . 30 In addition, adverse impurities can arise 
from unclean or wrongly constructed apparatus, from the 
atmosphere if the cell is open, from dissolution of the 
cathode material prior to commencing electrolysis, from  
anode material during electrolysis, from the reference elec­
trode capillary, and from new species which m ay be formed 
at the electrodes especially at high current density.
Control o f the relevant factors during measurement o f  
t]a and i can present great practical difficulties. Tempera­
ture may be controlled by an air-thermostat providing the 
electrolyte does not become heated to any extent during 
electrolysis and where only a limited range o f experimental 
temperature is required. Water-bath thermostats are satis­
factory only where cells have no joints submerged, as 
otherwise errors due to stray currents may arise. Integral 
water jackets3 have given good performance but may be 
very difficult to fabricate in the more complicated all-glass 
cells.
Variation of pH during electrolysis occurs chiefly in  
unacidified copper sulphate electrolytes after prolonged 
electrolysis, especially at high current densities. However, 
the addition o f buffers requires careful consideration owing 
to side effects which may arise at the anode and cathode. 
A  fall in pH will increase ^ A , 4 and it should be appreciated 
that pH can affect the metal ion activity, particularly i f  
complexing agents are present.
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Agitation is an important factor since this is necessary 
to  eliminate concentration polarisation (rjG). Vigorously 
rotating impellers have been used for stirring the solution 
but usually cause cavitation, splashing and vortexing, and 
cathode rotation gives only localised agitation and may 
produce difficulties in measuring -qA. Solution agitation by 
an external pump and recirculation5 may not give uniform  
and sufficient agitation to eliminate rjc , and a considerable 
volume o f solution is required to charge the external cir­
culation system. Agitation by inert gases is not efficient, 
and uniform and suspended gas bubbles can cause irregular 
changes in the electrolyte conductivity and spurious elec­
trode potential effects. Ultrasonic vibration markedly affects 
cathode processes6 and, owing to side effects, complicates 
identification o f  the principal slow steps.
The reference electrode system must be stable and it 
should be appreciated that errors may arise owing to a 
change in the surface of the reference electrode or concen­
tration o f electrolyte, or owing to a temperature difference 
between the cathode and reference half-cell. Reference 
electrode capillary design has been discussed in detail7 but, 
in general, a capillary with a lateral opening adjacent to 
the working cathode o f the Piontelli type gives rjA values 
which are higher than those obtained using a Luggin-Haber 
capillary: the latter actually measures the potential o f a 
partially masked surface where the current density is lower 
than the average. The cathode current distribution must be 
uniform, or rjA will vary with the site chosen for measure­
ment. Thus attention must be paid to the geometry of the 
system.
Probably the most important factor in obtaining signifi­
cant rjA— i relationships in metal deposition is the current 
density. Many techniques which have been devised to 
control this factor rely on the assumption that the surface 
topography does not change with the time o f electrodeposi­
tion. The electrolysing time can be minimised by rapid 
measurement of overpotential transients using brief d.c .8 
or a.c. electrolysing pulses which necessitate oscillographic 
recording. Impedance techniques9 appear to be very sensi­
tive to trace impurities and surface smoothness and it has 
been stressed that, for any cathode, the capacitance, the 
geometric and the active surface areas m ay all be different 
under the same conditions of electrodeposition . 10 The use 
o f  X-Y  recorders which permit very rapid measurements 
of r)A and i does not appear to have been made as yet. 
Hoekstra11 found that if the cathode surface were scraped
Fig. 1. Cell for measuring overpotentials: X, platinum standard 
surface; B, gas inlet; C, Piontelli capillary; D, ground-glass 
joint; E, sliding joint; F, telescopic clamp; G, Cu/CuSO, half- 
cell; H, electrode contact; Y, platinum gauze electrode; 
K, contact thermometer; L, cooling coil outlet; M, vibrator;
N, cooling coil inlet; O, 50 W heater.
prior to each measurement of overpotential then Tafel 
relationships could be obtained even at high current 
densities.
The simplest method o f measuring overpotential is to use 
a constant current and to measure the value of rjA when it 
has reached a steady state. This will be referred to for 
convenience as the S teady State D irec t  method (S.S.D.) 
The current is increased or decreased stepwise over the 
required range and at each step the potential is measured 
at constant current density thus enabling a complete plot 
of r]A— i to be obtained. In this method, the time factor is 
appreciable and as the deposit forms the true current den­
sity can change, particularly when addition agents are 
present. Studies o f overpotential at constant current using 
the S.S.D. method have shown variations which have been 
attributed to changes in concentration of cuprous ions12 
or addition agent13 or changes in the true surface area .14
To avoid placing the capillary in contact with the cath­
ode, measurements can be made in which the capillary is 
placed at several known short distances from the cathode 
surface. By plotting overpotential versus distance and 
extrapolating to zero distance, the value of rjA at the cath­
ode surface can be determined15
Immersion o f a single or polycrystalline copper electrode 
into copper sulphate containing traces of oxygen can alter 
the initial surface area owing to the reaction 2Cu +  4H+ +  O z 
=  2Cu++ +  2H 20 .  Even if oxygen is absent, copper will dis­
solve until the equilibrium value o f Cu++/C u+ is reached by 
the disproportionation reaction, Cu +  Cu++^±2Cu+, and cor­
rosion may arise from differences in potential on a poly­
crystalline copper surface. 16 Accordingly, consideration of 
both the immersion and electrolysing times during an 
experiment is essential. Moreover, it has been shown17 that 
when a.c. is used the surface area can change because the 
last crystals to grow during the cathodic cycle are not 
necessarily the first to dissolve anodically in the following 
stage, and a similar error m ay arise if  the cathode and 
anode efficiencies are different.
In the course o f a study of the electrodeposition of cop­
per, it has been found necessary to devise techniques to 
overcome the difficulties mentioned previously. Attention 
has been directed to cell design and operation, the forma­
tion o f a reproducible substrate and techniques for puri­
fying the electrolyte.
APPARATUS
Cell.—The cell (capacity 120 ml) used for measurement of 
overpotential was o f all-glass construction (Fig. 1) and all 
connections were made with ground glass joints although 
P.T.F.E. was not found to produce contamination. The 
distance between the cathode X  and the anode Y  was suffi­
cient to give optimum cathode current distribution as 
shown by cross-sectioning a deposit. The whole cell and 
auxiliary components were cleaned and stored in a mixture 
of 2 % sodium nitrate and 2 % sodium perchlorate in con­
centrated sulphuric acid 1 8  Before assembly, each part was 
rinsed six times with distilled water, and after assembly a 
further three times with distilled water and finally washed 
four times with the electrolyte being studied. The water- 
break test was used as a criterion o f cleanliness.
Temperature Control.—Temperature was controlled most 
effectively by a cooling coil and a heating jacket, working 
in conjunction through a relay energised by a mercury con­
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tact thermometer (Electromethods Ltd.). Thus at 25°C 
control to +  0-2°C was possible. Optimum control at any 
temperature above mains tap water was facilitated by using 
a cooling coil at a temperature of not more than 2°C  below 
that o f the electrolyte temperature. The cell was contained 
in a cabinet to exclude dust.
Agitation.—Vibration of the electrolyte by means of a 
V ibrom ix  (Shandon Ltd., Model E .l), which vibrated 100 
tim es/sec, was found to be a simple, effective and repro­
ducible method of minimising the concentration polarisa­
tion and had the advantage that it avoided cavitation and 
splashing which are inherent in methods involving rapid 
stirring of the electrolyte. The amplitude of vibration could 
be varied and from preliminary experiments the setting for 
the optimum amplitude was determined for each particular 
electrolyte and was maintained constant for subsequent 
studies on this electrolyte.
Reference Electrode.—A  C u /C u S 0 4 half cell19 G was 
used, using a platinum wire which was coated with an 
electrodeposit o f pure copper prior to each experiment. 
To avoid liquid junction potentials, the half-cell electro­
lyte contained the same concentration o f copper sulphate 
and sulphuric acid as that contained in the cell. It was 
observed, however, that above pH 4 (copper sulphate con­
taining no added acid) a marked irreproducibility occurred 
owing to the formation of a photosensitive film of copper 
oxide on the half-cell electrode. 20 The half cell was used 
in conjunction with a Piontelli capillary C: the ratio of 
capillary cross-sectional area to the cathode area was about 
1:60 which prevented masking effects when the capillary 
was moved towards the cathode by means of clamp F  to 
measure the overpotential The capillary was subsequently 
retracted.
Electrodes.—The electrodes used in the cell depended on 
the two methods investigated:
1. Reproducible Substrate (R.S.) method in which a 
copper deposit o f constant surface area was used for 
each successive determination of overpotential.
2. Steady State Direct (S.S.D.) method in which the 
surface area of the copper varied.
1. Reproducib le  Substrate (R.S.) M ethod .—In this method, 
as the electrode Y  became the cathode for a short time 
during deplating o f the electrode X  (the electrode used 
for determining the cathodic overpotential), it was neces­
sary to use a platinum gauze which had been previously 
plated with pure copper for each experiment. This avoided 
possible contamination of the electrolyte by the introduc­
tion o f addition agents when Y was made anodic. The 
cathode was a sheet of platinum 2‘5 by 2*5 by 0-01 cm  
(polished with 0-25/x diamond paste) which was cleaned by 
soaking in alcohol followed by acetone and burning off 
the excess in an oxidising flame. A  plastic sheet was placed 
behind the platinum and by a suitable clamping arrange­
ment was pressed firmly against the flange to provide a 
liquid-tight seal. By this means, the platinum sheet acted 
as its own gasket and a reproducible surface area of 
1 0  cm 2 was presented to the electrolyte.
2. Steady  State D irec t  (S .S .D .) M eth od .—The anode was 
spectrographically standardised copper (Johnson, Matthey 
and Co.) in the form o f a disc o f 10 cm 2 area, with a 
central hole for the capillary. Cleaning was carried out 
with nitric acid followed by rinsing with distilled water 
and the electrolyte used in the experiment. The cathode
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Fig. 2. Electrolysis circuit: A, smoothed d.c. power pack; 
B, series resistors; C, overpotential measuring device; D, 
electrolysis cell; X and Y, as in Fig. 1.
was a disc of 99-99% copper foil (fully annealed, bright) 
which was prepared by soaking in benzene followed by 
acetone, rinsing with distilled water, lightly etching with a  
solution of nitric and sulphuric acid and finally rinsing in 
distilled water before placing in the cell. All electrical 
connections to the three electrodes were kept dry during 
the experiment to avoid spurious potentials arising at dis­
similar metal junctions.
Electrolyte.-—Although various electrolytes based on  
copper sulphate have been studied, the majority o f experi­
ments in the present work were carried out using a solution 
containing 0-5M copper sulphate +  0-5M sulphuric acid. 
This will be referred to as the standard electrolyte.
ELECTRICAL CIRCUITS
Electroplating using galvanostatic conditions was achieved 
by using a high voltage d.c. source with resistances in 
series.21 The large currents required in this work (max 1 A )  
were provided from a stabilised 240 V  a.c. supply which 
was transformed and rectified to 140 V  d.c. (Fig. 2): the
d.c. supply was fully smoothed as the form o f electrolys­
ing current can affect electrodeposit structures. A  potenio- 
meter (Tinsley, 3387B) and a galvanometer (Tinsley, SS 245, 
140 ohms, 160 m m /fiA) were used for measuring the over­
potential and a multirange precision grade ammeter 
(Sangamo Weston, S 82) was used for measuring current.
When the R.S. method was used, the electrode potential 
was measured as soon as possible after applying the electro­
plating current: this was usually achieved within 5  s. 
In the case of the S.S.D. method, the electrode potential
11
Transactions of the Institute of M etal Finishing
was allowed to reach a steady value at constant current 
prior to recording the value: this was not usually achieved 
until at least 5 min after applying the polarising current.
Preforming and Deplating
The method of preforming and deplating to provide a 
reproducible substrate is based on two facts established by 
Oberbeck22 and confirmed later by N ichols . 23
1. Platinum covered with an atomic thickness o f copper 
behaves electrochemically like massive copper.
2. A  copper-plated platinum anode exhibits a rapid 
change in potential when the platinum is exposed. 
This principle has been used as a sensitive end-point 
for the jet-test.24
It is apparent that oxygen evolution at the platinum  
anode is not possible until all the copper is removed, and 
a delay of at least 1 sec was found to occur between the 
removal o f copper and the onset of oxygen evolution. This 
delay and subsequent increase in the cell voltage were used 
indirectly to break the deplating circuit. Fig. 2 shows the 
cams 1 to 6  which were cut from Perspex  and mounted on 
a common shaft which was rotated at 1 rev /m in by a self- 
starting synchronous motor 4*75 VA (Saia SX). The cams 
were profiled to give suitable working periods and operated 
microswitches capable o f passing 1 A  at the contacts. (A  
separate low voltage source was used for both preforming 
and deplating.) The switch sequence was as follows :
1. Preform (1 s)— 1 and 4 closed, X  made cathodic 
and Y  anodic by the auxiliary current source, all 
other switches open.
<-L
O f i  A
S O O p A
4 v
Fig. 3. Deplate control circuit: A and B, meter coil terminals; 
C, meter sensitivity; D, electrolysis cell; E, deplate current 
supply; F, needle counterweight; G, slave relay ‘ break’ con­
tact; H, main contact; J, slave relay ‘ make ’ contact; K, master 
polarised relay; L, slave relay.
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2. Electroplate (15 s)— 5 and 6  closed ( 6  operated an 
electromagnetic sequence counter) with galvanostatic 
deposition of copper on X. At this stage, the over­
potential was measured.
3. Deplate—2 and 3 closed, X  made anodic and Y  
cathodic by auxiliary current in conjunction with 
the circuit shown in Fig. 4. The time of deplating 
depended on the amount o f copper deposited in 
stage 2 .
Preforming of the platinum standard surface was carried 
out at a preselected constant current density for 1 s: 
this deposit which constituted the reproducible substrate 
was approximately 130 A thick.
Deplating, after each electroplating stage, was carried 
out at a c.d. sufficient completely to strip the deposit within 
the time cycle and Fig. 3 shows a simplified diagram of the 
control circuit. The full circuit contained a controller that 
stopped the camshaft motor at the start o f deplating: at 
the end of deplating, the motor was restarted automatically 
so that deplating current densities could be used which 
were independent o f the speed of rotation of the camshaft. 
The terminals A  and B o f a robust galvanometer were 
connected to the cell anode and cathode (Fig. 3) and the 
contact H  was clamped to the meter needle. Adjustable 
silver contacts were located at G and J and during initial 
deplating the meter needle position was adjusted by the 
rheostat C so that the contacts H  and G were just apart. 
The cell voltage rise at the end of deplating caused the 
needle to m ove and make contact between H  and G thus 
energising relay K  and subsequently de-energising the slave 
relay L which broke the deplating circuit. Relay L was 
re-energised af the next preform stage when the applied
e.m.f. caused the contacts H  and J to close. The sensitivity 
of the galvanometer relay was improved by a subsidiary 
circuit which backed-off the initial deplating voltage.
The sequence—preform, electroplate and deplate—was 
repeated for each measurement o f rjA at a particular cur­
rent density.
The success o f the R.S. method in achieving reproduc­
ible and significant 77 A— i relationships depends on the 
follow ing:
1. The concentration o f cupric and cuprous ions do not 
change significantly as a result o f repeated plating 
and deplating.
2. The platinum standard surface is completely covered 
with copper after preforming.
3. The standard surface area is not significantly changed 
during the preforming and the electroplating 
stages.
5. The platinum surface is not deleteriously affected as 
a result o f repeated anodic treatment (it has been 
shown25 that oxidation of platinum will not occur 
unless there is simultaneous evolution o f oxygen).
5. N o oxygen bubbles, which might adhere tenaciously 
to the platinum surface and lower the cathode surface 
area for the following electroplating stages, are 
evolved at the end of the deplating stage.
6 . The thin deposit o f copper can be stripped uniformly 
and the same weight deposited on the gauze electrode 
(anode) during deplating.
7. Addition agents, if  present, are not oxidised to form 
any spurious products either directly or as a result 
of the formation of persulphate ions . 26
12
Prall and Shreir: A n Im proved Technique for Measuring Cathode Overpotential During Electrodeposition
420-
210-
mV
0.1 1.0 2.0 3.0 4.0 5.06.0
Fig. 4. rj—log i and rjA—log i plots: electrolyte, 05M  
CuSO4+ 0  5M H2S 0 4, at 25°C (rj, total polarisation; 
r/A, activation overpotential).
ELECTROLYTE PURIFICATION
An effective method of purification is particularly impor­
tant in studies of electrodeposition, as trace amounts can 
have a marked effect on the electrodeposit. In the case of  
copper sulphate electrolytes, it has been found necessary 
to consider not only chemical purity but the possibility 
of bacterial growth and to take precautions against both 
sources o f error. As the minute quantities o f impurities 
which may be significant in electrodeposition cannot be 
detected chemically, the criterion adopted was the repro­
ducibility o f r]A. During the course of the present work, 
approximately 80 litres o f the standard electrolyte have 
been prepared in 1 litre batches. The reproducibility of 
pA has been found to be 90 m V + lm V  at 2 A /d m 2 and 
25 °C for each bath. A  further criterion o f purity used 
was the homogeneity of the electrodeposit, which was 
obtained using a polycrystalline copper base under stan­
dard conditions.
The electrolyte was prepared from A.R. chemicals and 
freshly distilled water prepared in an all-glass still as 
water prepared by ion-exchange was found to be unsuit­
able due to organic contaminants. 27 The solution (e.g. a 
1 litre batch) was then boiled and approximately 3 ml of 
water, together with any volatile impurities, were allowed 
to evaporate and 2  ml of 1 0 0  vol hydrogen peroxide 
(M.A.R.) was added slowly and boiling continued under 
reflux for a further 1 0  min after the cessation of oxygen 
evolution. The time of refluxing was found to be depend­
ent on the pH of the electrolyte despite the fact that 
cupric ions stimulate the rapid decomposition o f hydrogen 
peroxide28. A  further 3 ml o f water was then evaporated 
and 2-5 g o f active carbon, which had been washed thor­
oughly with distilled water, was added slowly and refluxing 
continued for a further 20 min. A  suitable active carbon 
was cocoanut char which had been activated with phos­
phoric acid. Refluxing was stopped and after 10 min, 
during which time the carbon settled, the solution was 
filtered through either a glass-wool filter mat or a porosity 
4 sintered glass Buchner filter. A  porosity 5 sintered glass 
Buchner filter was used for bacterial growth control studies.
The filtration, collection and storage flasks were pre­
cleaned in a mixture of sulphuric acid, sodium nitrate and 
sodium chlorate18  and then rinsed thoroughly with dis­
tilled water and with the freshly purified electrolyte before 
use. In order to prevent aerobic bacterial growth, the col­
lection flasks were completely filled and stoppered and 
then covered with polythene dust caps. The contents o f  
partially filled flasks were used within two weeks of pre­
paration—that is, before the end of the induction period 
for bacterial growth.
In the case o f  purified copper sulphate solutions contain­
ing no added acid, it was found that the pH varied from  
batch to batch; copper sulphate hydrolyses giving an acid 
solution but the actual pH may be lowered still further 
by hydrogen ions originating from the hydrogen peroxide 
and active carbon. Conversely the pH may be raised due 
to the reaction:
2  C uS0 4 +2H 20 + 0 2 =2Cu (OH)2 . C uS0 4 
as the basic copper sulphate reacts with the solution raising 
the pH. Accordingly, in comparative studies o f these 
electrolytes, it was found essential to adjust the pH to a 
predetermined value which was not greater than pH 4 as 
otherwise codeposition o f Cu20  and CuO occurred , 29 
causing marked irreproducibility and instability of pA, 
particularly at high current densities.
RESULTS
Tafel Lines
Studies o f the rjA—z relationship for various electrolytes 
which have been used in investigating addition agent action 
have shown the advantage o f the R.S. method. With the 
standard electrolyte, good linearity o f  the Tafel lines 
(obtained by plotting r)A—log z) was obtained by both the
100 —
S.S.D.
mV
0.6 j.O ? 2.0 3.0 3.5
A/ dm
Fig. 5. rjA—log i plots for the R.S. and S.S.D. methods: 
electrolyte, 0-5M CuSCh, pH 3, at 25 °C.
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Fig. 6. ??A—log i plots comparing R.S. and S.S.D. methods: 
electrolyte 0‘5M CuSO4+ 0 5 M  H2S 0 4 containing 40g/lmalonic 
acid, at 25 °C.
S.S.D. and R.S. methods. Fig. 4 shows the results obtained 
for rj—log i and rjA—log i and it is evident that above 
50 mV the latter shows good linearity. With 0*5 M C uS0 4 
(pH 3), however, it can be seen (Fig. 5) that the curves 
obtained by the two methods show marked divergencies 
and that with the S.S.D. method there is no evidence o f  
linearity above 50 mV. This is even more marked when 
addition agents are present in the standard electrolyte and 
Fig. 6  shows the results, obtained when 40 g/1 malonic acid 
was added to the standard electrolyte. Figs. 7 and 8  illus­
trate the results obtained with the two methods using the 
standard solution containing various amino acids. It can 
be seen that with the R.S. method the curves are linear up 
to a limiting value of rjA when there is a sharp change in 
slope. This phenomenon cannot be observed in the results 
obtained by the S.S.D. method.
2 0 0 -
mV
A /d  m 2 432
Fig. 7. rjA—log i plots using the S.S.D. method: electrolyte, 
0‘5M CuSCh+0-5M FTSOj, at 25 °C, containing 20 g/1 of the 
following additions—1, glycine; 2, dl-a-alanine; 3, dI-2-amino- 
n-butyric acid; 4, dl-nor-valine; 5, dl-nor-leucine.
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Effect o f Impurities
Fig. 9 shows the effects o f bubbling various gases through 
the standard electrolyte during plating using the S.S.D. 
method. Polythene tubing was found to be essential for 
conducting the gases, as marked effects were produced on  
the deposit structures and the observed values of rjA with 
rubber tubing. This effect was probably due to the volatile 
plasticiser which resulted in S “ or HS- ions entering the 
electrolyte! The effect of these ions on copper deposits has 
been observed previously . 30
Formaldehyde and formic acid were found to reduce 
r]A and to perpetuate any defects in a polycrystalline copper 
base. It should be observed that carbon dioxide is likely to 
be present and may give rise to formaldehyde or formic 
acid by the reaction: COz +  H 20  =H C H O  +  0 2. This reac­
tion has been shown to occur31 and, although copper sul­
phate has been found to catalyse this reaction , 32 no effect 
on deposit structure or permanent depolarising effect was 
observed by introducing carbon dioxide. The temporary 
decrease in rjA shown in Fig. 9 caused by the introduction 
of carbon dioxide may have been due to traces o f for­
maldehyde, although its presence could not be detected 
chemically. After 30 min, the potential increased to 
90 mV.
Despite the low solubility of carbon monoxide, this gas 
was found to cause pronounced depolarisation which per­
sisted even after passage of gas was discontinued, but no 
effect on deposit structures was observed. Pease33 has 
shown that carbon monoxide could chemisorb strongly on 
copper. Aithough nitrogen depolarised the cathode the 
effect vanished immediately on stopping the flow and no  
effect on deposit structures was observed.
Fig. 10 shows how necessary it is to purify rigidly all 
components o f the electrolyte. Curves A, B and C show  
that, even with highly purified chemicals, divergences may
25 0  -
200  - •
m V
100
53 42
Fig. 8. yjA—log i plots by R.S. method: electrolyte compositions 
as detailed in Fig. 7.
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Fig. 9. Effect of passing gases through the standard electrolyte 
(S.S.D. method) at 25 °C: A, commencement; B, termination 
of passage of gas.
arise from the constant value of rjA which is obtained using 
the standard purification procedure. As observed by pre­
vious workers, 34 it can be seen that chloride ions (curves 
D  and E) have a marked depolarising action.
With many adsorbable organic impurities, it has been 
observed that defects in the substrate are perpetuated, 
giving rise to growth imperfections which have been 
observed by other workers. 35 This phenomenon has not 
been observed when the solution was purified by the 
standard procedure.
Growths o f aerobic, Gram positive rod-type bacteria 
were isolated from 0-5 M copper sulphate solutions previ­
ously purified and stored in the way described. In the 
warmest weather, an induction period o f 3-4  weeks was 
necessary and the rate o f growth was always low even 
when cultured in more favourable environment. The 
growths were isolated from acidified and unacidified solu­
tions. This new evidence supports a prediction made 
previously30 since, when a small portion o f an electrolyte 
containing bacterial growths was transferred to a freshly 
purified electrolyte, marked depolarisation occurred and 
electrodeposits on a polycrystalline copper base became 
heterogeneous.
DISCUSSION
The variation in the surface area o f the substrate has been 
a major difficulty in studies o f t?a— i relationships and the 
essential feature of the present work is the development of 
a method in which a reproducible substrate can be used 
for studies o f the activation overpotential during the 
electrodeposition o f copper. It has been demonstrated that 
reproducible 77 A— i relationships and linear plots of 77A—log 
i  can be obtained by the method described. The fact that 
the geometric surface area of the preformed substrate is 
not known does not invalidate the method as a similar 
criticism could be applied to studies of gas overvoltage. In 
studies o f both electrodeposition and hydrogen evolution, 
it is not always necessary to know the geometric surface 
area o f the cathode, providing that it remains constant for 
each determination o f r)A. It should be observed, how­
ever, that in the case of gas evolution a further difficulty 
can arise as the gas bubbles themselves can affect the 
active surface area o f the cathode.
Although the electrical circuitry for fully automatic 
plating and deplating the platinum substrate is somewhat 
complicated the method has the advantage over the con­
ventional S.S.D. method in that a complete 77A—i relation­
ship can be determined very quickly as there is no necessity 
to wait until the overpotential has attained a steady state 
value. In addition, the activation overpotential at any par­
ticular current density can be checked rapidly without 
interfering with the cathode or the electrolyte. It should 
be observed that the R.S. method could, if  necessary, be 
operated by manual control without the electrical devices 
used in the present work.
The fact that a linear Tafel relationship can be obtained 
for the majority of the electrolytes studied provides con­
siderable support for the validity of the method. It 
should be observed, however, that with the standard 
electrolyte (0-5M CuSO4 +0-5M  H ,SO J linear Tafel lines 
were obtained with both the R.S. and S.S.D, method and 
it is perhaps fortuitous that this particular electrolyte has 
been used for the majority of studies on copper sulphate 
electrolytes. It is possible that with this electrolyte, and 
others of similar composition the active  surface area 
remains practically constant with change in current density. 
With 0-5M C uS0 4 (pH 3) and with the standard electrolyte 
containing addition agents, however, the particular value 
of the R.S. method is clear, as a linear relationship 
between rjA—log i could be obtained only with this method.
The fact that only a relatively small charge is required 
for determining a complete curve using the R.S. method is 
an advantage for studies involving electrolytes containing 
small amounts of addition agents, as appreciable amounts 
of addition agents may be removed from the electrolyte 
with the prolonged times needed for steady state conditions 
in the conventional method. This will only apply, however, 
if the codeposited material is deposited and dissolved 
reversibly.
It is possible by comparing the polarisation data obtained 
by the R.S. and S.S.D. method to obtain the ratio o f the
S T A N D A R D
9 0  - •
8 0  ■■
m V
3 02010 TIME min0
Fig. 10. Effect of purity of constituents of 0-5M CuSOi +  0 5M 
ITSOi on steady state value of t?a at 2 A/dm2 and at 25 °C: 
A, spectrographically standardised copper sulphate, sulphuric 
acid (M.A.R.), distilled water; B, as for A but water prepared 
using oxidation and active carbon treatment; C, as for B but 
using AnalaR copper sulphate; D, copper sulphate (M.A.R.), 
sulphuric acid (M.A.R.), tap water; E, AnalaR copper sulphate 
and sulphuric acid using tap water; standard prepared as 
described in the text.
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relative active surface areas of the deposits obtained at 
the same currents by the two methods. This ratio may be 
used to give an indication of surface roughness o f deposits 
obtained by the S.S.D. method.
Although the present study has been confined to the 
electrodeposition o f  copper, it is considered that the 
apparatus and techniques described would be suitable for 
the study of other metals. In addition, the R.S. method 
may be of value in studies of overpotentials during the 
anodic dissolution o f a metal providing that any sub­
stances which may be present (such as corrosion inhibitors) 
allow uniform and smooth dissolution of the metal com ­
posing the reproducible substrate.
Trace impurities which may be present initially or which 
may form subsequently due to the bacterial decomposition 
o f the electrolyte have been shown to have a marked 
influence on the electrocrystallisation o f copper. It is 
essential, therefore, to control the purity of the electrolyte 
at all stages for any study involving the electrocrystallisa­
tion of copper from copper sulphate electrolytes.
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An Improved Technique for Measuring Cathode Overpotential 
During Electrodeposition
by J. K. Prall and L. L. Shreir 
(Trans Inst. Met. Finishing, 1961, 38, 9)
Mr. S. H. Melbourne (International Nickel Co. (Mond) 
Ltd.). The authors are to be congratulated on producing a 
paper describing some very elegant experimental work. 
Many investigators from time to time have occasion to use 
polarisation measurements, often as a subsidiary measure­
ment to some other more practically important quantity. 
In many cases, they do not have the time to study in 
sufficient detail the many factors which are likely to affect 
the results o f these measurements. The authors have made 
the determination of overpotential an end in itself, and 
their paper should be very useful as a guide to anyone em­
barking on such measurements. The ‘reproducible surface’ 
technique described in the paper appears to be very pro­
mising in that it reduces one of the difficulties associated 
with accurate polarisation measurements—that is, the 
attainment of an equilibrium potential—and reduces the 
time required for determining the polarisation curve. Also, 
because of the small quantity of electricity that is passed, 
changes in composition of the electrolyte, which may have 
significant effects on the results, are reduced. This is par­
ticularly important when electrolytes containing easily 
reduced or oxidised organic compounds are being used.
I have two main points to raise with the authors. First, 
during measurements of cathode polarisation I made during 
studies of levelling action in copper deposition, I never 
observed the ageing phenomenon o f the electrolyte attri­
buted by the authors to growth of bacteria. I would have 
thought that the cupric ion was toxic to such forms o f life. 
Perhaps the authors would care to comment further on 
this ?
My second point concerns the effects of gaseous im­
purities on overpotential, shown in Fig. 9. The authors 
show that nitrogen, carbon dioxide and carbon monoxide 
reduce overpotential and suggest an explanation for the 
effect of carbon dioxide based on the formation of 
formaldehyde which is known to reduce overpotential. It 
is difficult to apply such a ‘ chemical depolarisation ’ 
mechanism to nitrogen and it occurred to me, in view 
o f the generally sharp changes in potential shown in Fig. 9, 
that the polarising effect may be a reduction in concentra­
tion polarisation because of additional agitation associated 
with the passage o f these gases. This would suggest that 
the vibration agitation used is not fully effective in eliminat­
ing concentration polarisation. It would be interesting to 
learn whether the authors have any data on the passage of 
other gases, such as hydrogen or argon.
Dr. T. P. Hoar (Dept, of Metallurgy, University of 
Cambridge). This is an interesting method but we should 
have reservations before accepting it as a general one. For
instance, how can we be sure to preplate copper as a very 
thin, parallel-sided, uniform layer ? Copper tends to give 
nuclei that grow outwards as well as sideways under many 
conditions. And can the uniform layer, if perhaps it can 
be reproducibly formed by deposition at very high current 
density, be considered a typical copper surface? I rather 
prefer a growing electrodeposit, formed under more normal 
conditions, or a dissolving anode with normal etch facets, 
as typical of metal in contact with electrolyte. I believe 
that the indefiniteness of the real area of such surfaces 
has been over-emphasised.
The very high Tafel slopes (7?-log /) found by the tech­
nique are another odd feature. Can the authors explain 
them by any o f the current theories of electrode kinetics ? 
We may note that the log i curves are obtained over a very 
limited range of current density.
Mr. J. K. Prall (in reply). Unfortunately, we did not bring 
photographs of the bacteria with us. We did not think the 
question would be raised. Oddly enough, we now have 
new laboratories which are very clean and in these the 
bacteria do not grow. With regard to impurities, and in 
particular gases, we do not feel that the rate of introduc­
tion of the gas, such as nitrogen, will get rid of any 
concentration polarisation. The rate is so small that it 
should not have contributed to depressing concentration 
polarisation and we feel that it may have been due to some 
impurity in the nitrogen gas itself. After all, the depolarisa­
tion effect was only 4 mV to 5 mV. We did not take any 
steps, though we should have done, further to purify the 
white spot grade nitrogen. There might have been some 
impurity from the gas source.
We still feel that the activation overpotential was 100% : 
that it did not contain any concentration polarisation on a 
macro scale. One solution, which is 0-5M, with the vibration 
agitation gave a linear plot up to as high as 60 A /f t-  and 
further increase of amplitude of the vibration could be 
arranged so that it would have no further effect. With 
no agitation present, the whole plot was in fact curved, and 
we feel that the concentration polarisation was eliminated, 
at least up to the diffused double layer. With regard to the 
point of discontinuous copper being deposited at roughly 
130 A thick on platinum, we looked at the surfaces and 
found that they appeared continuous. The platinum itself 
had a very fine surface finish. It was polished to i/x 
diamond, and was fairly smooth. Also, the equilibrium 
potential of such a thin copper deposit on platinum was 
that o f copper itself, so it would appear to be to all 
intents and purposes copper and not platinum from an 
electrochemical point o f view.
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LETTER TO THE EDITOR
THE EFFECT OF CO-DEPOSITED M ATERIAL ON THE CORROSION  
BEHAVIOUR OF ELECTRODEPOSITS
The deleterious effect of inclusions on the corrosion resistance of electrodeposited 
coatings has recently aroused interest as it has been demonstrated that nickel electro­
plating solutions containing sulphonic acids or sulphonamides as addition agents 
produce nickel deposits which, compared to deposits produced from a Watts bath, J
are inferior in their resistance to corrosion. It would appear that these addition agents 
result in the introduction of sulphur compounds into the deposit which release j
sulphide ions during corrosion of the deposit with a consequent depolarization of the f
reaction Ni^ ±Ni2+ aq. In the case of copper electrodeposits previous work has shown 
that inclusions due to addition agents generally cause an increase in the reactivity of :a
the metal.1 i
In view of the previous work on inclusions, the possibility of introducing corrosion 
inhibitors into electrodeposits has been investigated using benzotriazole, which is a s
specific corrosion inhibitor for copper, as an addition agent in a copper sulphate 
plating solution. The resulting electrodeposits (which, under suitable conditions, are 
fully-bright, coherent and banded) have been analysed by using the reaction 
Ag2SO^+ Cu = CuSO^  + 2Ag to dissolve the copper without decomposing the ^
benzotriazole. It has been established that the benzotriazole is not decomposed during 
cathodic deposition of the copper and is included in the deposit as cuprous benzo­
triazolate.* The presence of a cuprous complex is probably due to the formation of ^
cuprous ions as an intermediate in the reduction of cupric ions to copper.2 This h
appears to be the first example of the deliberate introduction of a known corrosion \
inhibitor into an electrodeposit although previous workers have described the effect L
of adsorption inhibitors as addition agents.3 d
Although the present work has demonstrated that a corrosion inhibitor can be ic
introduced into a metal it is apparent that the corrosion resistance of the deposit will 
not be enhanced unless the inhibitor is released from the complex by the corrosive 
environment. Thus cuprous benzotriazolate releases benzotriazole only if the 
hydronium ion concentration is very high; however, release can be achieved below 
pH2if oxidizing substances are present (e.g. oxygen) as the cupric complex is formed 
transiently.
Further work is clearly necessary but it is possible to suggest certain criteria for 
selecting corrosion inhibitors which may co-deposit in sufficient quantity to be 
effective. The inhibitor should form an insoluble compound of the type 
where Mm+ is the metal ion in the plating solution and is an intermediate
valency state and X is the ligand constituting the inhibitor. If a stable complex is 
formed with Mm+ then the inhibitor is likely to be retained in the plating solution. The
* The structural formula of cuprous benzotriazolate does not appear to have been established.
However, some preliminary studies of the structure using titrations and infra-red spectroscopy 
indicate that the imido group of benzotriazole does not appear to take any part in the reaction 
with cuprous ions.
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introduction of benzotriazole into a copper deposit is due to the intermediate forma­
tion of Cu+aq. during the reduction of Cu2+aq. to copper. This may preclude the 
introduction of Ni+ complexes into nickel deposits as the reduction of Ni2+aq. to 
nickel probably occurs without an intermediate stage.4 However, a further possibility 
of producing a deposit containing an inhibitor would exist if a complex Mm+X, which 
is insoluble and pH-dependent, formed only in the diffuse cathode layer where the 
pH may be significantly higher than that of the bulk plating solution, i.e. in unbuffered 
solutions where the reduction of metal and hydronium ions can occur simultaneously.
It is essential that the inhibitor is not destroyeij at the cathode and it must form 
a stable insoluble metal complex and co-crystallize at the growing cathode surface. 
Finally, it should be observed that the inhibitor must be released from the metal 
complex during the process of corrosion for it to be effective.
Some preliminary corrosion tests on copper deposits in sulphuric amd hydrochloric 
acids containing oxidizing agents have shown that deposits containing benzotriazole 
corrode less rapidly than pure copper deposits obtained under similar conditions of 
electrodeposition.
J. K. Prall and L. L. Shreir
Metallurgy Dept. (Corrosion Section),
Battersea College of Technology,
Battersea Park Road, London, S. WAX.
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Some Observations on Overpotential Variations During the 
Galvanostatic Electrodeposition of Copper
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J
M eta l lu rg y  D e p a r tm e n t , C orrosion Section, B a t te rsea  C o lleg e  of T ech n ology ,  L ondon , England
The variation  in  the activation  overp oten tia l w ith  and, in  addition, other errors m ay be introduced by
tim e, w h ich  has been  observed  b y  severa l w ork ers prolonged  electro lysis.
during stud ies of th e m echanism  of electrode p roc- A  stud y has b een  m ade of th e factors responsible
esses ( l a - l h ) ,  is a factor w h ich  m ay resu lt in  irre-  
p rod ucib ility  of th e v a lu e  of th e overpotentia l. D u r­
ing a stu d y  of th e electrodeposition  of copper from  
acid copper su lfa te  so lu tions it w as observed  th at th e  
con ven tion a l m ethod of d eterm in in g  th e activation  
overp oten tia l ( ip ) , i.e., a llow in g  a p redeterm ined  
tim e to e lapse b efore recording th e overpotentia l, did  
not a lw ays g iv e  reproducib le resu lts ow in g  to th e  
ch anging topography of th e cathode surface during  
electrodeposition . A s a resu lt of th ese  observations  
a reproducib le su bstrate techn iqu e has b een  d e v e l­
oped in  w h ich  a p la tin u m  sh eet is used  as th e cathode  
for each  determ in ation  of y A at each va lu e  of constant 
current. R em oval of th e copper deposit is effected  by  
anodic d isso lu tion  b efore th e n ex t d eterm ination  of 
ip at another current. F u ll deta ils of th is apparatus 
and techn iqu e h ave b een  described  in  a previous  
p ub lication  ( 2 ) .
O bservations of th e ip — t curves u sin g  th is tec h ­
n ique for a series of acid copper su lfa te  so lu tions ( in ­
clud ing som e w ith  addition  agen ts) has led  to th e  con­
clusion  that th ese  curves can be classified  in to  three  
types. In th e in itia l tim e in terval, t1} w h ich  m ay be a 
fraction  of a second, th e  rapid rise in ip is due p rin ci­
p a lly  to th e estab lish m en t of the electr ica l double  
layer; ti is affected on ly  s lig h tly  b y  variations in  the  
su bstrate properties. If th e surface topography of the  
su bstrate is unaffected  b y  th e electrode process, e.g.,  
a reduction  of ions to a low er va len cy  state or h yd ro­
gen  evolu tion , the activation  overpotentia l should  r e ­
m ain  constant w ith  tim e. H ow ever, in  th e present 
stud y it w as observed  that during the n ex t tim e in ­
terva l to (w h ich  could  p ersist for several m in u tes), 
r)A could  eith er increase or decrease im m ed iate ly  
after the double layer w as com p letely  charged. The 
sign, m agnitude, and duration of th is change ap­
peared  to depend on the natu re of th e substrate  
(crysta l orientation  and size, crysta l defects and  
th ick n ess of dep osit) and on th e natu re of th e  e le c ­
tro ly te  (p resence of co -d ep ositab le  m eta llic  im pu ri­
ties, active  im pu rities such as ch loride ions, con cen ­
tration  polarization, e tc .) . If the duration  of t. is ap ­
p reciable, then  c lear ly  th e exp erim en ta l tim e in ­
vo lved  in obtain ing ip — i p lots w ill be u n d u lv  long -
for ip changes during tim e t2, and it has b een  estab ­
lished  that th e greater the am ount of m echanical d e­
form ation  applied  to th e p la tin u m  substrate (e .g . ,  by  
rollin g  or p o lish in g ) th en  th e greater is th e m agn i­
tude of AyA and to. F igu re 1 sh ow s som e ip — t curves 
w hich  h ave b een  obtained  u sing  a p latinu m  sub­
strate, w h ich  had b een  su bjected  to d ifferent degrees 
of co ld -ro llin g; before e lec tro lysis  th e cathodes w ere  
lig h tly  etched  in  b o ilin g  aqua regia  for 1 0  sec.
It can be seen  that th e in itia l va lu es of ip differ 
according to th e ex ten t of co ld -w ork in g  of th e p la ti­
num  althou gh  th e stea d y -s ta te  v a lu e  is independent 
of any tex tu ra l d ifference in  th e substrate w hich  
could h ave arisen  during e ith er co ld -w ork in g  or r e ­
crystallization . This in dicates that th e  techn iqu e pro­
v id es a sen sitiv e  m ethod  of d etectin g  an y  effects  
caused by the structure of th e substrate. It is re levant  
to observe that it has b een  p rev iou sly  p ostu lated  (3 )  
that la ttice  b u ild in g  in  electrocrysta lliza tion  is ac­
com plished  b y surface d iffusion  of tran sferred  adions 
to edges, steps, or k inks; in  th e p resen t stud y the  
num ber of th ese d efects w ill  be proportional to the  
degree of co ld -w ork  (4 ) .
20  -
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Fig. 1. Effect of metallurgical condition of the platinum sub­
strate on the variation of Tp with time: electrolyte 0.5M CuSO* +  
0.5M FkSOi, at 25°C  and 0.25 amp/dm2: A,* V.P.N. 48, heat treat­
ment continued to allow grain growth; B, V.P.N. 48; C, V.P.N. 72; 
D, V.P.N. 90. X, is the steady-state ip.
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Fig. 2. A. (top) Platinum substrate surface, after light etching 
and prior to its being electroplated. Mag. 20X. B. (bottom) Lo­
calized growth of copper at the grain boundaries. Platinum substrate 
as described above, electroplated with copper and removed from 
plating solution when the steady y\A was reached.
O bservations of the grow th  of th in  la y ers of the  
d ep osits (F ig . 2A, 2B ) show  that d ep osition  occurs 
p referen tia lly  at grain  boundaries and in  a d irection  
w h ich  is perpendicu lar to th e substrate. This w ou ld  
in d icate  that the m ore im perfect the su bstrate th e  
greater w ill  be localized  deposition  at im p erfect sites  
(in  th is  case crysta l boundaries) and th e greater th e  
ch arge required  to cover com p letely  th e  p latinu m  
substrate. T his is supported b y  th e resu lts sh ow n  in  
Fig. 1. In addition  it has b een  observed  that w ith  any  
g iv en  su bstrate th e rjA — t  cu rve can be reproduced  
after an y  tim e t  (w ith in  th e tim e t2) w ith ou t h y s ­
teresis  during anodic and cathodic cycling. Further, 
it  has b een  estab lish ed  that, irresp ective  of th e cu r­
rent d en sity , a constant charge is requ ired  to p ro­
duce th e sam e s tea d y -s ta te  v a lu e  of rjA.
T he c lassica l procedure (5 ) of a llow in g  y A to b e­
com e constant at a g iven  v a lu e  of current is n ot a l­
w a y s  sa tisfactory  ow in g  to surface rou gh en ing of th e  
d ep osit and other factors such as changes in  con cen ­
tration  of active  sp ecies in  th e e lectro ly te; such  fa c ­
tors are in sign ifican t in  the reproducib le su bstrate  
m ethod  ow in g  to the v ery  sm all charge u sed  for each  
d eterm in ation  of yA.
T he p resen t w ork  has n ecessita ted  a stu d y  of th e  
effect, and elim ination , o f ad verse im pu rities in  th e  
e lec tro ly te  as it is w e ll k n ow n  that even  trace  
am ounts of im pu rities m ay h ave  a v ery  m arked  
effect on r)A and th e crysta l form  of th e d ep osit ( 8 ) .  
In particu lar, th e effects o f traces of ch loride ions 
h ave been  stud ied  as, w ith  norm al reagen ts, th is im -
1000 so
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Fig. 3. Effect of chloride ions, added to a chloride-free electro­
lyte, on the variation of Tp with time: electrolyte 0.5M CuSOi +  
0.5M H2 SO4, a t 25°C  and 2.0 amp/dm 2: A, 0.00 ppm Cl- ; B, 0.08; 
C, 0.15; D, 0.60-5.00; E, 12.00; F, 40.00.
p u rity  is u su a lly  presen t in  sign ificant q uan tities and  
is d ifficult to rem ove by, for exam p le, repeated  r e ­
crysta lliza tion  of C u S 0 4 -5H 20  (w h ere  1-10 ppm  Cl 
can still p e r s is t ) . E lectro lytes, lo w  in  Cl-, w ere  p re ­
pared  in  solu tion  b y  one of th e  fo llo w in g  reactions, 
and in  both  cases the reagen ts can b e prepared  v ir ­
tu a lly  free  of ch loride
A g 2S 0 4 +  Cu -> CuSCh aq.
CuO +  ELSO, -> CuSO* aq.
A  furth er p ossib ility  of rem oving  ch lorides is  b y  
anodic ox id ation  at a p latinu m  anode ( 6 ) .
The effects of C l- on t)A are sh ow n  in  Fig. 3, and it is  
ev id en t that th e am ounts of ch loride w h ich  are n or­
m a lly  present, even  in  carefu lly  prepared  e lec tro ­
ly tes , can m ark ed ly  affect rjA.
The effect of C l-, on d ep olarization  gen era lly , has  
b een  attr ibu ted  to th e ir  action  in  fa c ilita tin g  the  
tran sfer of electrons at th e cathode surface (7 ) .  The 
reduction  in  t, w ith  increasing  ch loride ion  con cen ­
tration  m ay  b e exp la in ed  on th e basis th a t th ese  ions  
encourage th e e lectrod ep osition  of copper at o th er­
w ise  u nfavorab le p lanar sites th ereb y  resu ltin g  in  a 
m ore rapid coverage of the p la tin u m  substrate.
It is considered  from  th is p relim in ary  stu d y  that  
th e reproducib le substrate tech n iq u e m ay  be o f g e n ­
eral ap plication  in  stu d y in g  th e  effect of th e  m eta l­
lu rg ica l cond ition  of th e  substrate [p rov id in g  that  
th is is unaffected  during e lec tro ly sis  ( 2 ) ] on e lec tro ­
crysta llization .
Manuscript received Nov. 10, 1961.
A ny discussion of this paper w ill appear in a D is­
cussion Section to be published in the Decem ber 1962 
J o u r n a l .
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